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Abstract 
 
Optical Properties and electronic Structure of non-d0 Perovskite Oxide  
Epitaxial Films and Heterostructures 
 
Mark Dominic Scafetta 
 
 
Perovskite oxide materials provide a chemically diverse pseudo cubic ABO3 
platform that possesses a large number of technologically relevant physical properties. It 
is possible grow complex heterostructures in addition to the nearly infinite stable chemical 
combinations. With this vast possibility for tuning and combining properties, it is not 
unlikely that perovskite oxides could change the face of many electronic and energy 
devices. However, analysis of the optical properties of non-d0 perovskite oxides is quite 
lacking and thus the electronic structure and important device parameters of many systems 
are not well characterized. 
This thesis is focused on understanding the coupling between composition, 
electronic structure and optical absorption in complex oxides. Modeling the absorption 
with Tauc plots is the standard way to determine the band gap energy (EG), a critical 
parameter for high performance photovoltaics, and other optical devices. Accurately 
modeling the absorption in complex oxides has not previously been studied in depth, 
leading to significant uncertainty in the limited work that has been conducted. Additionally, 
most of the prior work on the optical properties of perovskite oxides has been conducted 
on relatively simple systems with no d-electrons in the valence band (d0).  
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Using LaFeO3 (LFO) (d
5) as a model system, the optical absorption has been 
calculated and used to determine the most appropriate Tauc model. The results were 
applied to epitaxial films of LFO to determine a more accurate experimental band gap 
energy. Building on this knowledge, the effects of epitaxial strain, cation vacancies, A- and 
B-site substitution, and oxygen vacancies, on the optical and structural properties of 
LaFeO3-related compounds were investigated, providing new insights for band gap 
engineering in perovskite oxides.  
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Chapter I: The Importance of Understanding Chemistry in Complex Oxides 
Complex oxide materials, especially those with the perovskite structure, possessing the 
chemical formula ABO3, are capable of accommodating numerous combinations of cations. 
The immense chemical diversity and crystal structure can be seen in Figure 1.1 with the 
blue and green elements representing A-site and B-site cations, respectively. Some cations 
can sit on both sites, and many can be mixed on the same sites leading to nearly endless 
permutations that can yield a single phase. 
 
 
Figure 1.1. A periodic table illustrating that most elements are stable in the perovskite 
structure with the possibility for mixing site occupancy. The elements highlighted in blue 
and green can reside on the B-site and A-site cation positions, respectively. The yellow 
octahedra represent the O coordination around the B-site cations. Figure from reference 
[1].1 
 
Perovskite oxides possess the majority of known physical properties including 
many that are rather unique, including colossal magnetoresistance and simultaneous 
magnetic order and electronic polarization1,2. Complex oxides are currently used for many 
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applications such as solid oxide fuel cells, superconducting power transmission, 
ferroelectric memory, sonar, and others. These materials are also important for 
understanding the underlying physics governing the observed properties and interpreting 
what happens when the system is altered. Due to the high degree of chemical solubility, of 
particular interest in perovskite oxides is the ability to alloy various compositions, nearly 
at will. Perovskites also have many related and commensurate crystal structures based on 
various similar chemistries. Alloying any of these materials with different properties can 
lead to a combination of these properties3, tuned ordering temperatures4,5, or potentially; 
new properties that have not yet been observed. With the ability to make unit cell precise 
synthetic heterostructures6, introduce epitaxial strain, utilize metastable systems, and 
readily tune cation valence, the already expansive tool box for potentially altering the 
properties of these materials becomes truly immense. Due to the vast degrees of freedom 
and wide range of useful properties, these types of materials have the potential to 
revolutionize many areas of technology including the development of solar cells that can 
operate outside of the Shockley-Queisser limit7,8. 
Most of the observed electronic, magnetic and optical properties in any particular 
material are dictated by the behavior of the electrons near the Fermi level within the valence 
and conduction bands. Direct experimental observation of the electronic bands through 
advanced spectroscopic techniques is the ultimate method for experimentally 
characterizing a material’s band structure. Angle resolved photoemission spectroscopy 
(ARPES) and its variants can be used to directly visualize the valence band versus 
momentum space9 and electron momentum spectroscopy (EMS) has been used to map the 
conduction band of beryllium10. These techniques are very powerful and have been used 
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with great results9 but they are very technically demanding often requiring the use of in-
situ characterization utilizing synchrotron radiation, and painstaking data analysis to obtain 
accurate results and they do not probe the conduction band in semiconductors. Optical 
spectroscopy provides a relatively simple compliment for directly probing a material’s the 
electronic band structure near the Fermi level, and provides important material parameters, 
such as the absorption coefficient, for optical applications.   
The energy dependent absorption of electromagnetic radiation at energies near and 
within the visible spectrum is dominated by photoexcitation of electrons from states in the 
valence band (VB) to states in the conduction band (CB). These types of transitions are 
particularly interesting for materials involving the transfer of photoexcited electrons such 
as in photocatalysts and photovoltaics. The energy separating the valence and conduction 
bands can be estimated using the shape of the absorption curve and Tauc modeling. The 
results of this Tauc modeling are considered to be more accurate compared to other 
techniques. The magnitude of the absorption is related to the total number of electronic 
states in the VB and CB that can participate in the absorption process at a particular energy. 
Some transitions require the influence of phonons to provide momentum to the excited 
electron in order for absorption to occur. These indirect transitions have weak absorption 
and a characteristic absorption edge as for Si and Ge.11 Other types of transitions with 
characteristic absorption edge behavior are parity forbidden by quantum mechanics which 
can also limit their absorption regardless of the density of states. Therefore, using optical 
spectroscopy, it is possible to estimate transition energies and character which can be used 
to accurately estimate band separations, an important parameter for tuning solar cells and 
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other device structures.  Optical spectroscopy can also be compared with theory and x-ray 
spectroscopies to develop an accurate model of a material’s band structure.  
In this thesis, the optical properties of LaFeO3 epitaxial films were thoroughly 
characterized using variable angle spectroscopic ellipsometry (VASE). LaFeO3 (LFO) was 
chosen as a model non-d0 perovskite semiconductor due to its technologically relevant 
band gap and its compatibility with molecular beam epitaxy. The experimental results are 
compared to theoretical data generated from density functional theory (DFT), providing 
guidance as to which Tauc model is applicable. This work led to the first precise estimate 
of the band gap energy and character in this material, and provided a blueprint for how to 
integrate first principles calculations with experimentally obtained spectra to accurately 
model band gaps in correlated oxides. The nature of cation defects, and epitaxial are 
explored and their impact on the atomic structure and optical properties of epitaxial LFO 
films are also be discussed. 
The effects of heterovalent A-site substitution were isolated by systematically 
replacing lanthanum with strontium in La1-xSrxFeO3-δ (LSFO) epitaxial films. The 
introduction of a new absorption peak appears within the gap of LFO for stoichiometric 
LSFO and its absorption coefficient is shown to be systematically proportional to the 
estimated iron valance and ultimately strontium content. The optical absorption properties 
of LSFO epitaxial films are in excellent agreement with previous x-ray spectroscopy 
studies showing a significant electronic restructuring upon Sr substitution. By direct 
modification of the O content through annealing, the iron valence can be manipulating, 
thus enabling a second route to engineer the optical properties of LSFO. The absorption is 
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compared between O deficient and stoichiometric LSFO to analyze the effects of O 
vacancies. 
B-site cation substitution was explored within the LaMnxFe1-xO3 (LMFO) system. 
Despite significant difficulties in its deposition, the optical properties of high quality 
LaMnO3+δ (LMO) were investigated. Utilizing extensive previous work as a guide, an 
indirect forbidden band gap was suggested for LMO and was not previously considered. 
The absorption properties for random alloy LMFO films are compared to the simulated 
alloy absorption from parent compounds, revealing that the LMFO spectra deviates from a 
simple linear combination of LFO and LMO. Short period cation ordering was studied in 
LMFO and was found to noticeably red shift the band gap energy compared to random 
alloy samples of the same cation stoichiometry.  
The results from this work provide a basic frame work for characterizing the optical 
properties of complex oxide materials and relating them to electronic band structure. This 
work reveals the complex manner in which both A- and B-site substitution alters optical 
properties and highlights the importance of O stoichiometry. It is envisioned that these 
results will serve as a catalyst for future studies focused on both the fundamental 
understanding of optical process in oxides and on their integration into optical devices.  
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Chapter II: Optical Properties and Electronic Structure of Perovskite Oxides 
2.1 Optical absorption in materials 
Light interacts with matter in several ways, namely reflection, scattering, refraction, and 
absorption. The absorption process is one of the simplest methods for directly probing a 
material’s electronic band structure. This process involves the photoexcitation of electrons 
from a low energy occupied state to a higher energy unoccupied state.  The term “optical 
absorption” refers to a material’s interaction with the visible light spectrum visible between 
~1.7 eV and 3.1 eV. In this range, a material’s absorption is governed by electronic 
transitions from a valence band to its conduction band. Therefore, by measuring the 
intensity of monochromatic light that passes through a material as a function of the photon 
energy, it is possible to estimate the basic electronic structure of a material in terms of band 
separations and number of electronic states involved. It is this electronic structure that 
dictates many technologically important material properties such as magnetism, 
conductivity, and optical transparency and, as such, optical spectra are characteristic to all 
types of properties3,12,13.  
2.1.1 Perturbation Theory 
The absorption coefficient (α) of a direct band gap material with parabolic bands can be 
derived from the concept of the quantum mechanical transition rate, defined by Fermi’s 
golden rule: 
  𝑊𝑖→𝑓 =
2𝜋
ℏ
|𝑀𝑖𝑓|
2
𝑔(ℏ𝜔),   (eq. 2.1)  
where (Wi→f) is the quantum mechanical transition rate from the initial state (i) to the final 
state (f), Mif is the matrix element describing the effect of the external perturbation that 
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couples the initial and final states, and g(ħω) is the frequency dependent joint density of 
electronic states.  This assumes time dependent perturbation of the form eiωt. To evaluate 
Mif, the form of perturbation caused by the light must be known, along with the wave 
functions of the initial (Ψi) and final (Ψi) states.  The perturbation Hamiltonian (H’) of an 
electron in an oscillating electric field, neglecting two photon processes is; 
    𝐻′ =
𝑒
𝑚0
𝑝 ∙ 𝐴,    (eq. 2.2) 
where e is the elementary electron charge, m0 is the electron mass, p is electron momentum 
in the crystal, and A is the vector potential of the incident field and is defined by; 
  𝐴(𝑟, 𝑡) = 𝐴0(𝑒𝑥𝑝𝑖(𝑘 ∙ 𝑟 − 𝜔𝑡) + 𝑐. 𝑐. ),  (eq. 2.3) 
where A0 is the initial potential at time zero. The term [expi(k∙r-ωt)+c.c.] is the Taylor 
expansion and is ignored such that A = A0 in the electric dipole approximation, and the 
interaction Hamiltonian simplifies to; 
   𝐻′ ≈ 𝑒𝑟 ∙ 𝜀𝑝ℎ𝑜𝑡𝑜𝑛 .
11    (eq. 2.4) 
Here, r is the electron position vector, the product er is thus the electron dipole moment 
(pe), and εphoton is the amplitude of the light. The electric dipole approximation is a result 
of the fact that the term [k∙r] is small (~10-3) for optical frequencies of light. The dipole 
approximation thus assumes that the electric field of a light wave is equal to; 
    𝜀𝑝ℎ𝑜𝑡𝑜𝑛 = 𝑖𝜔𝐴0.    (eq. 2.5)         
As mentioned earlier, the interaction Hamiltonian must be known as well as the wave 
functions of the initial (Ψi) and final (Ψf) states in order to fully describe the perturbation 
of the system due to light irradiance. Therefore, further interaction parameters are 
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dependent on the material being perturbed. Thus, the interaction described by the 
Hamiltonian is a function of the light intensity and the position of the electron within the 
material. The wave functions for the material can be described as follows 
    Ψ𝑖(r) =
1
√𝑉
𝑢𝑖(r)e
𝑖𝑘𝑖∙𝑟,   (eq. 2.6) 
    Ψ𝑓(r) =
1
√𝑉
𝑢𝑓(r)e
𝑖𝑘𝑓∙𝑟,   (eq. 2.7) 
where ui and uf are the envelope wave functions for the initial and final states, respectively. 
V is the volume normalization, and ki and kf are the wave vectors for the initial and final 
electron states, respectively. On substituting the perturbation Hamiltonian and the wave 
functions into the matrix element, it is possible to write the full matrix element; 
  M12 =
𝑒
𝑉
∫ 𝑢𝑓(𝑟) e
𝑖𝑘𝑓∙𝑟 (𝜀𝑝ℎ𝑜𝑡𝑜𝑛 ∙ 𝑒𝑟) 𝑢𝑖(𝑟)e
𝑖𝑘𝑖∙𝑟 𝑑3𝑟.11 (eq. 2.8) 
This matrix element is the electric dipole moment of the transition, caused by light, and is 
different for every material since the material’s envelope wave functions are parameters in 
the matrix element. With the interaction matrix solved, the remaining term in the quantum 
mechanical transition rate is the density of states term, g(ħω), which for a parabolic band 
is defined as; 
    𝑔(ℏ𝜔) =
1
2π2
(
2𝑚∗
ℏ2
)
3/2
𝐸1/2,   (eq. 2.9) 
where E is (ħω), and m* is the effective mass. The joint density of states is obtained by 
evaluating the above expression at the initial and final energy states and thus the details of 
a material’s band structure must be known to continue further. Therefore, I will simply 
define an important term based on conservation of energy which states; 
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ℏ𝜔 = 𝐸𝐺 +
ℏ2𝑘2
2𝜇
 ,   (eq. 2.10) 
where EG is the band gap energy, and μ is the reduced electron-hole mass. Therefore, for 
photon energies less than ħω, the density of states term is zero, and above ħω, g(ħω) 
becomes; 
    𝑔(ℏ𝜔) =
1
2π2
(
2𝜇
ℏ2
)
3
2
(ℏ𝜔 − 𝐸𝐺)
1/2.  (eq. 2.11) 
From these relationships we can see that transitions involving “heavier” particles will have 
larger density of states by the μ3/2 dependence. We can also see that the density of states 
increases with (ℏω)1/2. If we recall, Fermi’s golden rule is the quantum mechanical 
transition rate, then the absorption coefficient (α) can be related by; 
     α(E) ∝ (ℏ𝜔 − 𝐸𝐺)
1/2
.   (eq. 2.12) 
This relationship assumes parabolic bands for a dipole allowed direct transition and 
neglects columbic forces between the electron and hole. These assumptions ultimately lead 
to deviations in the experimental absorption behavior due to excitonic (bound electron and 
hole pair) effects and band tailing near k = 0, and also away from k = 0 where the parabolic 
band approximation is not valid. Nevertheless, this theoretical absorption dependence is 
largely expected for direct transitions that are allowed by the electric dipole moment matrix 
element (Mif) and is the basis for Tauc modeling.  
2.1.2 Tauc models 
Inter-band electronic transitions, and thus optical absorption models, follow the form; 
α(E) ∝ (ℏ𝜔 − 𝐸𝐺)
𝑚
,   (eq. 2.13)  
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where m is either 1/2, 3/2, 2, or 3 depending on the type of transition11,14,15. The behavior 
shown in Eq. 2.13 is typically referred to as the Tauc model. The power 1/2 is for dipole 
allowed direct transitions where all momentum conserving transitions are allowed and its 
dependence was derived above11. The 3/2 term is for direct transitions that are dipole 
forbidden at k = 0 (along the high symmetry direction) and its energy dependence comes 
from the fact that the transition probability for a dipole forbidden transition increases with 
k2 and thus ħω, assuming parabolic bands. Since the density of states has a dependence of 
(ħω)1/2 the direct forbidden transition thus has a dependence of (ħω)3/2. Before discussing 
indirect transitions, it is important to note that dipole “forbidden” transitions are 
fundamentally allowed through  several other reasons, including quantum mechanical 
processes such as magnetic dipole, electric quadrupole, and other higher order interactions 
that have their own selection rules not accounted for in the electric dipole 
approximation11,16. The occurrence of “forbidden” transitions can also appear in real 
systems where ions in a crystal can give rise to internal electric and magnetic fields due to 
atomic vibrations and defects that can locally break symmetries that would normally forbid 
certain transitions. Mixing of electronic states through hybridization and impurities can 
lead to further state parity mixing.   
The energy dependence of the absorption coefficient for indirect transitions is more 
complex due to the required change in k and conservation of momentum. Since the 
momentum of a visible photon is small relative to the momentum of an electron in a band, 
we can assume that the change in momentum due to photon absorption is negligible and 
that indirect transitions must be mediated by phonons within a material. This yields the 
occurrence of two terms related to the emission and absorption of phonons, with the 
11 
 
absorption process having a significant temperature dependence since it requires a finite 
distribution of available phonons. The quantum mechanical transition rate for the indirect 
transition involves a two-step process, requiring both the annihilation of a photon, and the 
creation or annihilation of a phonon. Because of this, indirect transitions are a second order 
quantum mechanical process, and can be expected to occur much more slowly than the first 
order direct transitions involving only photon annihilation. Without much detail into the 
derivation of the quantum mechanical transition rate for indirect transitions, the absorption 
coefficient dependence follows (ħω ± Ephonon)2 and (ħω ± Ephonon)3 for the allowed and 
forbidden indirect transitions, respectively. Ephonon is the phonon energy that is emitted or 
absorbed during the transition, and its energy is usually small (~50 meV) compared to the 
incident photon energy (~1 eV). Thus the square and cubed dependence of (ℏ𝜔 − 𝐸𝐺)
m on 
absorption arises. These different dependencies of absorption on transition type 
theoretically allow for the determination of a material’s transition type from spectroscopic 
analysis especially with temperature dependence, which can be very helpful for comparing 
to band structure calculations. The dependence of absorption on energy for the different 
dependencies can be seen below in Figure 2.1. Note how similar the direct forbidden (m = 
3/2) and indirect allowed (m = 2) transitions look, making them experimentally difficult to 
distinguish based on the absorption curve alone. 
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Figure 2.1. (left)Dependence of absorption on photon energy for the different 
transitions assuming the same transition energy. Notice the similarity between the curves 
labeled (c) indirect allowed and the (b) direct forbidden models. (e) Illustrates the 
absorption due to impurities which can occur below the band gap. Figure taken from 
reference [17].17 (right) Experimental Tauc analysis for AlAs at room temperature for two 
different transitions. Figure from reference [18].18 
 
 Modeling the absorption of a real material to determine the band gap energy can be 
done by plotting (α)1/m versus photon energy. This should yield a straight line depending 
on the power m used. An example Tauc plot can be seen for AlAs in Figure 2.1(e) showing 
the different transitions within the material. Amorphous materials are modeled with the 
same basic dependence of an indirect transition ((ħω)2) based on the fact that momentum 
is not conserved in amorphous materials.19 For this reason, transitions in amorphous 
materials should be thought of as “non-direct”20 transitions that do not behave exactly like 
direct or indirect transitions in that they do not involve phonon emission or absorption 
(indirect transitions) and transitions do not occur vertically along the same momentum 
vector (direct transitions). 
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2.1.3 Observing optical properties with the naked eye 
The optical properties of materials, especially those related to the absorption of visible light 
with energy between ~1.7 eV and ~3.1 eV, can be roughly but absolutely analyzed using 
the naked eye. It is these wavelengths that produce the visible characteristics of materials 
that are physically observed. A metal’s lustrous appearance and the transparency of 
common glasses both result from their visible appearance. However, glass is opaque to 
electromagnetic radiation with much higher energy than the visible light21 and silver has 
~5 times less reflectivity in the ultraviolet (UV) region.22  Nevertheless, visualization can 
be extremely helpful when attempting to synthesize a well-known material using a varied 
method or technique. If a material is known to be green in appearance, but the material 
synthesized using new equipment or processing is not green, then it is instantaneously 
obvious that the resultant material is dissimilar from the targeted material due to chemical 
or physical differences.  This information can be used to further investigate the cause of 
the discrepancy, in which further characterization can be utilized, or one can simply 
acknowledge that the result deviated from the expected result and another trial can be 
attempted immediately. This can save enormous amounts of time compared to 
characterizing exactly how much the material has changed, and in many cases observation 
is sufficient to realize a notable discrepancy, which, depending on previous experience, 
may be relatable to a known cause. This is especially true for thin films which require 
significant knowledge about the sample system characteristics in order to accurately 
determine the precise optical properties.  
A schematic representation of a material’s band gap leading to its observed color 
can be seen in Figure 2.2. The visible appearance of material is dominated by the colors of 
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light that are transmitted through that material. This makes observation of materials useful 
for rough estimation of a semiconductors band gap. Solid semiconductors of wide band 
gap (EG > ~3.1 eV or  <400 nm) appear transparent or white depending on their grain 
structure and do not have any absorption in the visible region. Semiconductors with band 
gaps < ~3.1 eV will become visibly colored due to the absorption of high energy (blue) 
light and will show a yellowish appearance. This can be observed upon heating SrTiO3 
which expands the crystal lattice causing the valence band and conduction band to become 
closer together.15  This leads to the appearance of a yellow color at ~300 °C due to the 
absorption of blue/violet light within an otherwise visibly transparent material. Band gap 
energies around 2.2 eV will show an orange color, eventually becoming red for even 
smaller band gaps. When the gap reaches ~1.7 eV, all visible light becomes absorbed and 
the material appears black. This transition from yellow to red to black is clearly observed 
in the experimental system CdSxSe1-x as shown in Figure 2.2(b), in which the band gap 
linearly shifts from ~2.6 eV for CdS to ~1.6 eV for CdSe depending on the Se to S 
substitution ratio, x.23 Based on the smooth transition of a semiconductor’s color from 
white to yelow to orange to red to black, one may wonder about crystals that appear green, 
blue, or purple. 
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Figure 2.2. (a) Semiconductor band gap compared to the observed color. (b) CdSxSe1-x 
Alloys as a function of substitution. For, CdS, EG  ~ 2.6 eV; for CdSe, EG  ~ 1.6 eV.
23 
 
Relatively narrow electronic bands give rise to green, blue, or violet appearances. 
Such materials have an electronic band structure that permits the absorption of a relatively 
narrow region of the lower energy portion of the visible light spectrum. Relatively narrow 
absorption bands can lead to the appearance of any color within a material and can even 
lead to materials that are transparent to visible light but absorb infra-red (IR) light24. 
Depending on the location of the narrow band relative to the Fermi level, its span through 
energy space, and separation from other bands, these types of materials can be electricity 
conductive and visibly transparent, a highly unique combination of properties. This is the 
basis for transparent conducting oxides and a schematic band structures can be seen below 
a transparent conducting and for a green material in Figure 2.3, ignoring remitted light and 
excited state absorption properties, which usually contribute weakly to the visible 
appearance. Variations in the material’s conductivity with color change can also be useful 
in determining the relative position change of the state causing the change, since color 
alone is not necessarily useful in this regard.  
(a) 
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Figure 2.3. Schematic band diagram for a green crystal and a transparent conducting 
material. The wider the second gap in the green crystal above 2.6 eV a bluer tint will appear 
in the crystal. 
 
In the case where narrow bands absorb visible light, the observed color in a material 
will be the compliment to the colors that are absorbed, or the colors ~180 degrees apart on 
a color wheel as seen in Figure 2.4. This is how colors like magenta and other non-spectral 
colors, are made. Being a non-spectral color, magenta does not appear in the rainbow with 
a unique monochromatic wavelength. Instead magenta is a “composite color” being a 
mixture of all wavelengths of light in the absence of particular wavelengths of green light. 
These observational rules are ubiquitous to all materials in the sense that if a homogeneous 
bulk material with no defects has color, then it must haves a visible absorption process 
related to some type of electron excitation. These rules should be used as a preliminary 
characterization of materials and can provide basic insight into a material’s band structure 
before rigorous experimentation. This can save time and is a very helpful as a first line of 
comparison. This should be especially considered for oxides, namely Cr2O3, which is a 
green pigmant25 but is often determined to have a band gap well above the visible range26–
28 leading to “unexpected” behavior26.  
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Figure 2.4. (a) Color wheel with approximate energy and wavelength range. (b) CdSe 
nanoparticles in a suspension under UV illumination (top), and white light illumination 
(bottom), image from reference [29].29  
 
There are many other sources of visible color such as that reflected from surfaces, 
black body radiation, quantum confinement, diffraction, and luminescence.  In the case of 
luminescence, it is possible to directly measure the approximate band gap energy by 
measuring the energy of the emitted light radiated during spontaneous radiative 
recombination. The photon emitted during this process is equal to the minimum direct band 
gap separation based on radiative relaxation processes. If the material is excited with 
invisible ultraviolet (UV) light, then the emission can be seen for materials with band gap 
energies in the visible range. CdSe nanoparticles show the relationship between band gap 
and quantum confinement which influences the visible appearance as shown in Figure 2.429 
The band gap energy can be directly observed by the color of the luminescence while the 
transmitted color is not as obviously tied to the bad gap energy.  
2.1.4 Accurately measuring the band gap of materials 
To directly distinguish between excitonic effects and band-to-band transitions, it is useful 
to measure the change in resistance while illuminating the sample with monochromatic 
(a) (b) 
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light. In so-called photoconductivity measurements, at sufficiently high photon energy the 
conductivity of a semiconductor will increase due to the excitation of carriers into the 
conduction band where they are free to move under an external field. If the conductivity 
does not increase at the band gap energy measured optically, then this “gap” is likely an 
exciton formation energy.11 Since an exciton is a bound state, it does not conduct electricity 
through the material unlike transitions to bands and band tails. Higher energy light is 
needed to further excite electrons into the conduction band, past the exciton state.26  
 As mentioned earlier, photoluminescence can also be used to estimate the band gap 
of materials, but not all materials luminesce at their band gap. Regardless, the luminescence 
process is more strongly related to excitonic effects and can be used to confirm the optical 
gap energy. To some extent the absorption coefficient can also play a role in estimating the 
absorption process with band-to-band transitions having the highest intensities as shown 
schematically in Figure 2.5.30 
 
 
Figure 2.5. Absorption versus energy for increasing photon energies from low energy 
to Ultraviolet light for a typical semiconductor. A note about impurity absorption, it can 
occur at any energy in the absorption spectrum. Figure from reference [30].30 
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2.2 Basic electronic structure in perovskite oxides  
Perovskite is a naturally occurring mineral comprised of calcium, titanium and oxygen 
named after the Russian mineralogist Lev Perovski. The chemical formula of perovskite is 
CaTiO3. Based on this mineral, materials that take on its general chemical formula (ABX3) 
and crystal structure are denoted as perovskites. Interestingly, the class of materials called 
perovskites refer to the cubic perovskite structure when in fact CaTiO3 has an orthorhombic 
(Pnma) crystal structure. Oxygen stoichiometric perovskites have an octahedral crystal 
field with O ligands around a transition metal center (the B-site cation). Therefore, it is 
convenient to make use of a pseudo-cubic unit cell approximation, and think of CaTiO3 as 
a distorted cubic perovskite. A-site cations are located at the 8 corners of the pseudo-cubic 
unit cell. As seen in Figure 2.6(a) the orbital overlap between O 2p and the transition metal 
d orbitals is considerably inequivalent between the eg and t2g orbitals in an octahedrally 
coordinated environment. The lobes of the eg and O 2p orbitals are in direct alignment 
leading to electrostatic repulsion and relative destabilization of the eg orbitals relative to 
the t2g orbitals. Perovskites can have numerous different structural distortions, including 
Jahn-Teller distortions common in LaMnO3+δ with a d
4 electronic configuration. 
Distortions of the cubic perovskite structure leads to different orbital splitting due to the 
crystal field as shown in Figure 2.6. 
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Figure 2.6. (a) Schematic valence orbitals for O and Fe. (b) Crystal field splitting for 
various structures containing atoms with a valence shell consisting of d-orbitals. 
 
Orbital splitting is particularly important for materials with d-electrons in their 
valence band. Perovskites with no d-electrons such as CaTiO3 are so called d
0 materials 
and the electronic states from which the valence band is composed are O 2p states with 3d 
transition metal states comprising the lower conduction bands. These types of materials are 
called charge-transfer insulators where the electronic transitions from valence to 
conduction band are dominated by transitions between O 2p and transition metal 3d 
orbitals.  Materials with greater than zero d electrons are called non-d0 materials with the 
super script indicating the number of d electrons in the valence shell of the B-site cation.  
These types of materials typically have much more exotic band structures with d-electron 
states in both the valence and conduction bands and their electronic transitions can be 
complex due to the covalency of O and transition metal electron states. B-site cations with 
between 4 and 7 d electrons (d4 - d7) can have different spin states depending on their crystal 
field splitting energy relative to the energetic cost of placing electrons of unlike spin in the 
same orbital (intra-atomic exchange). The concept of intra-atomic exchange (J) and spin 
configuration can be seen in Figure 2.7 for the high spin case. Perovskite oxides (ABO3) 
(a) (b) 
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with 3d transition metal B-site cations, are typically in the high spin configuration with a 
small crystal field splitting relative to the intra-atomic exchange energy. The weak crystal 
field splitting is a result of a relatively small influence that the protons in the nucleus have 
on the valence electrons in many 3d transition metals. This weak effective nuclear charge 
experienced by the valence electrons is due the relatively small nucleus being shielded by 
the inner core electrons which repel and destabilize the valence electrons. 
 
 
Figure 2.7. Intra-atomic exchange (J) and crystal field (ΔCF) splitting for a high spin 
material. Spin up states are labeled “up” while spin down are labeled “dn”. 
 
The A-site electronic states typically do not play a role in conduction, with their 
electronic states split off far from the Fermi level due to the relatively large effective 
nuclear charge experienced by the La valence electrons31. The effective nuclear charge on 
the transition metal valence electrons  is smallest for the 3d block elements, leading to 
smaller splitting of the eg and t2g orbitals and high spin states. Narrow splitting and less 
effective nuclear charge makes these valence electrons particularly influential to each 
other. This is particularly notable for systems that have partly filled eg and t2g valence 
bands. Basic band theory would predict these systems to be metallic conductors with partly 
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filled bands overlapping the Fermi energy. But in fact they are insulators, characterized by 
transitions between strongly correlated (interacting) electron states of similar character. 
This electron correlation energy (U) can be seen schematically in Figure 2.8 for the “Mott 
insulator” LaTiO3. The concept of a Mott insulator implies that the lowest energy 
separation between the conduction and valence band happens between electron orbitals of 
like character. This could mean either eg spin up to eg spin up for the most similar, or eg
 
spin up to t2g spin down for the most dissimilar 3d “Mott” like transition. These types of 
transitions are forbidden by dipole selection rules and therefore can follow forbidden 
transition absorption models. 
 
     
Figure 2.8. (a) Schematic effect of electron correlation (b) valence band DOS for 
LaTiO3 versus basic band theory for LaTiO3.
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In strongly correlated electron systems, the electron-electron interactions within the 
same orbital can be particularly strong. These systems lead to very interesting properties, 
(a) 
(b) 
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especially when mixing cations, leading to mixed electronic configurations. Some of the 
basic properties of substituted perovskites can be seen in Figure 2.9, showing how certain 
cations lead to different types of physical properties. With so many useful and unique 
physical properties, perovskite oxide systems are particularly interesting for basic physics 
experiments as well as for the potential creation of novel materials and devices that could 
revolutionize the world around us. The ability to combine different B-site cations, and 
change their valence through heterovalent A-site substitution, leads to numerous 
possibilities to combine, modify and possibly create new physical properties. Introducing 
vacancies,33 epitaxial strain,34 and using advanced deposition techniques to create 
synthetically layered,35 lends even more routes to alter the electronic structure, while 
maintaining a commensurate atomic structure,36 a critical requirement for single crystal 
epitaxial devices.   
Optical spectroscopy is a particularly helpful tool for characterizing a material’s 
band structure because it directly probes the electrons that are responsible for most of the 
observed physical properties of material, i.e. its valence electrons. Optical spectroscopy is 
also non-destructive and can be performed reliably at ambient conditions. In conjunction 
with complimentary x-ray spectroscopies and electrical measurements, it is possible to 
nearly fully define a material’s electronic density of states but significant difficulties 
remain in experimentally mapping the conduction band through momentum space. Band 
structure calculations using density functional theory have proven very useful in this regard 
and many systems have been well characterized using a combined theory and experimental 
approach.22,37–39  
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Figure 2.9. Basic properties of some perovskite oxide materials.40  
 
2.3 Ferrites 
LaFeO3 (LFO), SrFeO3-δ (SFO), their alloys, and related compounds have been regularly 
studied since the early 1950’s41,42 after the discovery of ferroelectricity in related 
perovskite compounds.43 More research continued, motivated by the unusual physical,44 
magnetic,45 and electronic46,47 properties of this system. In recent years, improved 
characterization equipment and increasing demands for efficient electronics has motivated 
band structure characterization but with limited optical measurements. 
LFO has an orthorhombic crystal structure (Pnma) with room temperature bulk 
lattice parameters of 5.568 Å, 5.554 Å, and 7.856 Å for the a, b, and c lattice constants 
respectively.48 The average Fe-O bond length and angle are ~2.00 Å and 156°, 
respectively.49 LFO is multiferroic with a room temperature remnant polarization of 0.1504 
μC/cm2 50 and G-type antiferromagnetic order with a Neél temperature (TN) of ~740 K.51 
LFO is yellow semiconductor with a band gap estimated at ~2.1eV from the sole previous 
optical study of complex ferrite materials shown in Figure 2.10.52  
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Figure 2.10. Optical conductivity of bulk LaFeO3 derived from reflectivity 
measurements using the Kramers-Kronig relations. Figure from T. Arima, et al.52 
 
SFO has a cubic (Pm3m) crystal structure with a lattice constant of 3.856 Å.53 SFO 
has metallic conductivity with a nominally d4 electron configuration and it is 
antiferromagnetic below TN  at ~130K.
45 SFO, having just one electron in the Fe eg valence 
orbital is electronically unstable at ambient conditions. In bulk, SFO prefers to adopt a 
mixed Fe+3/+4 valence state with formation of charge compensating O vacancies.45 The 
optical properties of SFO have not been characterized until now. 
The relative density of states (DOS) in the conduction and valence bands of La1-
xSrxFeO3-δ (LSFO) have been studied with fairly consistent results using various x-ray 
spectroscopies.54,46,53,55–57 These experiments show a dramatic restructuring of the of the 
Fe eg valence band upon Sr substitution in LFO
54 accompanied by a dramatic drop in 
resistance.42,46,58–60 However, very little optical analysis exists for this system leaving 
uncertainty in the absorption coefficient, electron transition energies, and transition 
character (in/direct, forbidden/allowed).  
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Having a half filled d shell, LFO has a relatively stable electron configuration. This 
leads to well defined electrical and magnetic properties based on the Fe valence and 
coordination environment. Introducing cation defects into this structure does not change 
the electronic structure much owing to the stable d5 configuration.
56,61 There is a strong 
hybridization between the Fe and O valence bands.54 Adding strontium to the system, 
introduces holes into the valance band leading to a nominal d4 configuration for pure SFO. 
This effectively splits the eg majority spin band due to strong correlations creating an 
energy gap between the electrons in the eg majority spin band and the empty eg majority 
spin states. This is caused by a complex restructuring of electronic states from below to 
above Fermi energy, with the presence of non-metallic conduction up to 95% Sr 
substitution.59 As with SFO, the LSFO system is also prone to O vacancy formation due to 
the thermodynamic drive for the stable d5 electron configuration of Fe+3.56,61 While many 
techniques have been used to characterize the properties of LFO and LSFO, comparison to 
optical spectra has not been performed and is a very useful step in confirming band 
structure theories.62 Optical spectra for these materials can also provide insight into the 
wide insulating region of LSFO and help to provide further insight into how the electronic 
structure evolves in A-site substituted perovskites. Further experimentation using 
LaMnxFe1-xO3 will provide insight into how the band gap is formed in B-site substituted 
perovskite oxides. 
2.4 Oxidation complications in transition metal oxides.  
The B-site cations in many ternary perovskite oxides adopt multiple valence states due to 
the thermodynamic stability of the B-site transition metal oxidation state. Changes in cation 
valence are balanced by a change in concentration of the charge countering anion in order 
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to maintain charge neutrality. Some materials will stabilize a transition metal valence state 
that is greater than the required valence for a stoichiometric (ABO3) material. This leads to 
O vacancy formation, such as the case for SrFeO3-δ (SFO) where Fe exists in a mixed Fe
+3/+4 
state.  Oxygen vacancy formation plays two roles in this case with the major effect coming 
from the valence change of the transition metal cation causing depopulation of the d-band. 
Oxygen vacancy formation also changes the crystal field due to the reduced coordination 
number of the B-site cation near vacancies leading to different splitting of the d orbitals. 
Normally, O vacancies lead to small changes in the crystal field but in extreme cases the 
vacancies can lead to the formation of Brownmillerite (Sr2Fe2O5)
63,64 or even square planer 
configurations causing considerably different crystal fields (SrNiO2).
65,66  Technically, 
these defect ordered off stoichiometric “perovskite like” materials are no longer perovskite 
oxides, but their structures are helpful to think of as distorted perovskites. Their lattice 
constants can be commensurate with the perovskite phase making them difficult to detect 
in some cases.  
Secondary phases can influence the properties and often leads to improper 
characterization of perovskite oxides.67 For example, varied behavior is frequently reported 
for LaMnO3+δ (LMO), which has a propensity to form cation vacancies to compensate for 
a preferred mixed Mn+3/+4 valence state.44 LaMnO3+δ has been studied extensively using 
various methods to characterize its electronic structure. In particular, optical spectroscopy 
has been employed to investigate the origins of its controversial electronic band 
gap.68,13,67,69–72 LaMnO3-δ has been most convincingly determined to be Mott insulator with 
an indirect electronic gap between states of mostly Mn eg majority spin character. The most 
representative behavior can be seen in Figure 2.11 comparing results of single crystals to 
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thin films for both over oxidized and nominally stoichiometric cases.68 By and large, the 
correct optical, magnetic, and electrical behavior has been determined for LMO. As such, 
the Mn+4 valence state has been determined to show a definitive signature which occurs 
even without strontium stabilization. The data in Figure 2.11 is a very good representation 
of the expected behavior for O stoichiometric vs over-stoichiometric LMO and is one of 
many examples reporting these properties. There is a relatively large change in properties 
emphasizing the importance of the valence state and also leading to simple characterization 
for roughly estimating valence state and influence on the electronic structure in LMO. 
However, no comprehensive study has acknowledged all of these criteria while also 
directly verifying the cation valence for LMO films.  
 
Figure 2.11. LMO thin film physical properties comparing the effects of Mn+4. (a) shows 
the optical conductivity and inset is the electrical resistivity. (b) Shows the magnetization 
(M) versus temperature and the inset shows the M vs. magnetic field (H). XRD for the (c) 
over oxidized and (d) the near stoichiometric case. All figures from reference [68].68 
 
(a) (b) 
(c) 
(d) 
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One of the most comprehensive optical studies on LMO thin films73 was conducted 
for a series of varying cation stoichiometry films deposited by PLD. The aim of this paper 
was to demonstrate that the PLD process can introduce relatively large cation off 
stoichiometry which they measured by RBS. Utilizing a pressure window of 0.075 Torr to 
0.225 Torr, films with varying cation stoichiometry were achieved using the same target. 
Higher pressure films yielded higher concentrations of Mn, however the Mn valence was 
not measured. Despite citing numerous references refuting their assessment, they 
determine their material to be “O deficient”. A possible explanation could be an unclear 
frame of reference where the author may be referring to the stoichiometric phase as the O 
deficient material, perhaps since it is physically possible for the stoichiometric LMO 
material to possess more O atoms, albeit at the expense of a rhombohedral distortion.74 
Short of an inequivalent frame of reference their explanation cannot be entirely correct. All 
of their data from the as deposited films is representative of over-oxidized cation 
stoichiometric LMO, yet the authors said their material was “O deficient” because of the 
PLD process.73 Similar to nearly all other reports of PLD grown LMO, their data for the as 
grown samples was indicative of over oxidized material showing significant magnetic 
moment and low energy absorption. They proceeded to O anneal their films to “remove O 
vacancies” although they acknowledge in the appendix that this process is actually 
imparting Mn+4 leading to cation vacancy formation in addition to the native defects from 
the PLD process.73  
Interestingly the optical signal for Mn+4 is still observed in Mn deficient LMO after 
excessive over oxygenation, where in LSMO the Mn+4 spectral feature is obscured upon 
over oxidation of (assumed to be) manganese deficient LSMO, as seen in the right hand 
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four panels of Figure 2.12. This may be due to the different upper limits for over oxidation 
influenced by the introduction of the divalent cation Sr. It is likely that this influences the 
material’s spin ordering before a total change of orbital splitting caused by a rhombohedral 
distortion which may become excessive for cation deficient LSMO. The magnetization 
behavior for O excessive LSMO films were not measured in the study shown but it is likely 
their magnetic signal will also be reduced compared to O stoichiometric LSMO. This 
unexpected behavior must be the result of cation off stoichiometry, namely Mn causing a 
collapse of the octahedral ordering leading to reduced magnetization with increasing Mn+4 
concentration. The frequently observed discrepancy and unexpected behaviors for LMO 
and LSMO should raise concern about the extreme care that should be taken for proper 
materials characterization for perovskite oxides, especially in regards to accurate chemical 
analysis which dictates the structure and cation valence. The discrepancies for LMO are 
somewhat reasonable considering that the changes from Mn+4 ions are not obviously visible 
to the human eye considering that the material absorbs all visible light regardless of the 
cation valence. However, even for systems that have visible color, the band gaps that are 
estimated often reflect those of transparent materials.  
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Figure 2.12. (a) Optical conductivity of LSMO single crystals with varied strontium 
content.75 (b) Optical absorption for LSMO films deposited with PLD at pressures from 
7.5 x 10-4 Torr to 75 mTorr76. Oddly the high pressure LSMO growths yielded a less 
observable Mn+4 octahedral absorption feature. 
 
Even modern optical analysis of the well-known green pigment Cr2O3 is still 
conflicting. Many groups report band gaps in the UV,26,27,77 despite their data showing 
optical absorption in the visible region and the materials obvious green color.26,77 Cr2O3 is 
octahedrally coordinated with a d3 electron configuration and selectively absorbs red light 
due to a transition of electrons from a relatively narrow occupied Cr t2g band to an 
unoccupied state in the mostly Cr eg conduction band.
25 The localized nature of the Cr t2g 
valence band leads to a gap in the valence band between the Cr t2g band and the lower lying 
O 2p valence band. This split is caused by the relatively weak effective nuclear charge 
experienced by the Cr t2g valence electrons increasing their correlation with each other. This 
localized transition between the Cr t2g valence band and the bottom of the conduction band 
is considered of Mott character and yields relatively low absorption,25 however the band 
gap in this material still exists between Cr states in the valance band and conduction band. 
(a) (b) 
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After this narrow absorption band gap transition, a higher energy transition between the O 
2p states in the valence band and bottom of the conduction band is presumed, constituting 
the charge transfer gap. Most bands structure calculations confirm this electronic structure 
and it is similar for LCO which is also observed to be green in some cases.78–80  
Regardless of the observed color, chromium oxides are often reported to have wide 
band gaps (EG > ~3 eV) that should yield transparent materials. However, if a material is 
green, then we know it must absorb red light indicating a low energy band gap. In the case 
of intrinsic visible light absorption, this must be caused by an electronic transition between 
electron bands. Interestingly, the band gap energy in Cr2O3 and LCO is commonly reported 
as the charge transfer gap between states of mostly O 2p character in the VB and states of 
mostly Cr 3d character in the conduction band. This indicates that many authors are 
unaware of the band structure of Cr2O3 and LCO, and that it is not common knowledge 
that the top of the valence band consists of mostly Cr t2g states split off from a lower lying 
O 2p valence band.  
For both LCO and Cr2O3, the Mott gap is routinely over looked. This can be due to 
its absence from the absorption spectra, especially when converted from standard 
reflectivity measurements using the Kramers-Kronig relations.52 However, often times the 
Mott transition is simply ignored in the various chromite’s even when it is observed in the 
data,26 presumably due to its assumed insignificance. However, there are no grounds which 
should lead to complete ignorance of a possible electronic transition or its assumed 
insignificance other than not predicting or knowing its existence. The absorption 
coefficient of the indirect band gaps transition in Si and Ge are at least 4 to 5 orders of 
magnitude smaller than other transitions within the materials and when plotted on a linear 
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scale their presence is completely obscured,11 yet the technological importance of these 
band gap transitions cannot be overstated.  
Assuming that the color of LCO and Cr2O3 might dependent on O content and 
crystal field, then the color could be obscured due to variations in either. However, color 
change should also be a very obvious and convenient indicator that a material might be off-
stoichiometric or not coordinated as expected. Sometimes LaCrO3 is observed to be 
transparent in thin film81 as shown in Figure 2.13, but this can be caused for many reasons 
with the simplest being the very thin nature of the material. If the absorption coefficient is 
weak and the material is thin then the number of photons absorbed will be small leading to 
a nearly transparent material. This is even true for common metals which strongly absorb 
all visible light but transmit light at very thin layer thickness.  
Without having seen a convincing sample of LaCrO3 in person, I cannot say for 
certain what color it is but numerous reports suggest it is green.78–80 This makes sense 
considering band structure calculations, its octahedral coordination and d3 electron 
configuration, very similar to Cr2O3. LaCrO3 has also been reported to have a yellowish-
brown tint when cation off-stoichiometric.82  Regardless of the variation in reports of LCO, 
Cr2O3 that is claimed to be stoichiometric and pure is observed and reported to be green, 
including for single crystals.25  
 
34 
 
 
Figure 2.13. Self-contradicting absorption in LCO. The LCO film has higher absorption 
coefficient than La2CrO6 yet the LCO films is visibly more transparent. Film thickness was 
not indicated. Data from ref.81 
 
Looking at Figure 2.13, if we analyze the absorption spectra for some LCO films 
of different cation stoichiometry and valence, we can see the obvious color change and 
changes in absorption spectra. Notice how the green sample (LaCrO4) has an absorption 
band in the red-orange region of the spectrum. This data however, is somewhat self-
contradicting considering the transparent sample (LCO) has a higher absorption coefficient 
in the visible region than the La2CrO6 sample which has a yellow/green tint. However, the 
thickness of these films is not mentioned and could be the cause of the observed 
transparency and discrepancy or their materials may not by oxygen or cation 
stoichiometric. Oxygen stoichiometry was estimated through the Cr valence measured 
using XPS, however, as we will see in later sections, XPS can alter the valence state of the 
metal cations leading to a false cation valence and thus incorrect extracted O stoichiometry. 
Overall, the variability of the visible appearance and reported optical properties of LaCrO3 
and Cr2O3 leads to the need to further study these systems with systematic changes in cation 
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valence, O content, cation stoichiometry and using optical spectroscopy while also 
carefully noting changes in color.  
Because of the strong discrepancy in the literature, the transition character and band 
gap energy in LCO are still debated. However, it is clear to me that the most likely 
fundamental band gap is between Cr t2g and Cr eg bands. Due to the d-d nature of this 
transition it is likely forbidden by dipole selection rules and is expected to have a slow 
onset while also potentially being indirect leading to even weaker absorption. More 
calculations and experiments are need to know for sure. With the multitude of publications 
on these closely related systems having wildly contradicting results and poorly defined 
optical spectra and band transitions, a more thorough approach will be taken to properly 
characterize the optical properties in perovskite oxides.  
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Chapter III: Experimental Methods 
3.1 Molecular beam epitaxy system 
The materials studied for this thesis were synthesized using molecular beam epitaxy 
(MBE). MBE is a specialized form of physical vapor deposition in which individual 
elemental sources are heated to the point of evaporation or sublimation while the chamber 
was maintained under high vacuum.83,84 The sources are directed towards a common focal 
point using conical crucibles to shape the flux into a “molecular beam”. A heated substrate 
is then placed at the focal point. Individual shutters were used to control the impingement 
of atomic flux on the substrate, allowing for precise control of cation stoichiometry and 
layer thickness. 
 
 
Figure 3.1. (a) Photograph of Omicron LAB-10 MBE system with (b) an illustrated 
cutaway of the deposition chamber. 
(b) (a) 
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Deposition was carried out in a customized Omicron NanoTechnology LAB-10 
MBE chamber depicted in Figure 3.1. Being an oxide system, the MBE system has an inlet 
for controlled gas introduction using a needle valve. The gas flow was fed through a 
capillary tube exiting towards the growth substrate to increase the local O partial pressure 
at the substrate. In an effort to further drive oxidation a 6G-LAB ozone generator (A2Z 
Ozone Inc.) is attached to the MBE, capable of delivering a 5% ozone and 95% molecular 
O mixture into the chamber.  The pure elemental precursor materials were vaporized from 
Knudsen effusion cells (K-cells) made by MBE Komponenten. A high temperature 
(HTEZ) K-cell is used for lanthanum, mid temperature (WEZ) for Fe and manganese, and 
a low temperature (LTEZ) cell for strontium.  The purity of the elemental sources (Alfa 
Aesar) were X%, Y%, Y%, and Z% for La, Fe, Mn, and Sr, respectively. Each K-cell is 
equipped with a computer-controlled shutter from MBE Komponenten to enable automated 
dosing of the elemental flux. Iron and manganese were sublimed from alumina (Al2O3) 
crucibles while tungsten, and pyrolytic boron nitride (PBN) were used to evaporate 
lanthanum, and sublime strontium, respectively.  The K-cells were kept cool using a 
recirculating water chiller (ATC K1) with a water temperature set point of 20-25 °C. The 
chiller also worked to maintain a constant temperature of the quartz crystal monitor (QCM) 
sensor head of an STM-100 / MF QCM made by Sycon instruments. To analyze the 
residual gases in the chamber and for general leak detection purposes, a R71100 residual 
gas analyzer (Stanford Research Systems) was fitted to the MBE chamber. Vacuum levels 
less than 4 x 10-11 Torr were achieved by two turbo molecular pumps, a Pfeiffer Hi-Pace 
700 for the main chamber and Hi-Pace 80 for load lock duties. Each turbo was backed up 
with an Agilent Technologies IDP-3 scroll pump.  A three filament titanium sublimation 
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pump by Varian Vacuum Technologies was also fitted to help maintain ultra-high vacuum 
pressures. The pressure was monitored in the main chamber using an ion gauge and using 
a standard high vacuum gauge in the load lock. The main chamber was also equipped with 
a Pirani gauge to roughly estimate when it was safe to operate the ion gauge. 
3.1.1 Deposition procedure 
Thin film growth process was initiated by heating elemental sources to their desired 
temperatures at a rate of ~1 °C/s.  Since lanthanum experiences a solid to liquid phase 
transition (~920 °C) before significant vapor pressure is achieved, the lanthanum heating 
rate was reduced at ~850 °C to ~0.1 °C/second until the source reached at least 950 °C. 
This process was used to avoid mechanical failure of the tungsten crucible due to the 
dissimilar expansion of its contents.  Above 950 °C the rate was set back to 1 °C/second 
until it reached deposition temperature.  All other K-cells were heated at 1 °C/second until 
deposition temperature, as no melting transitions occur.  Warming the K-cells typically 
increased the chamber pressure leaving a base pressure of ~ 5 x 10-8 Torr once all sources 
reached operating temperature. Occasionally, the pressure would initially spike to greater 
than 10-7 Torr, likely due to the removal of contaminants or oxides that have formed on the 
elemental source materials, crucibles, or K-cell filaments.  The pressure typically decreased 
during elemental flux rate measurements, to a value < 10-8 Torr before introduction of 
oxidizing gas and film deposition.   
Optimal source temperatures varied depending on the desired ratio of cations. The 
highest source temperature was used for superlattice growth and for single layers of 
materials where there was no mixing on the A- or B-sites within the layer, such as for 
LaFeO3. Materials with mixed site occupancy, such as La1-xSrxFeO3, where La and Sr both 
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randomly occupy the A-site, require reduced source temperatures for constant flux density 
during co-deposition of the A-site cations. For example, if x = 0.3 then the amount of La 
used to grow LaFeO3 (x = 0.0) would need to be reduced by 30% with the difference being 
filled by Sr flux. This was achieved by a reduction of temperature or reduced exposure to 
the source (shorter shutter time). It was considered more ideal to maintain the same flux 
rate therefore the temperature was typically reduced. The typical source temperature used 
for materials with pure A-site and pure B-site layers were ~ 1500 °C for lanthanum (in 
LaFeO3 and LaMnO3), ~1290 °C for Fe (in LaFeO3 and SrFeO3), ~790 °C for manganese 
(in LaMnO3), and ~460 °C for Sr (in SrFeO3). At these temperatures the co-deposition rate 
was ~25 seconds per unit cell. Alloys of these materials require lower K-cell temperatures 
depending on the substitution ratio.  
The relative source flux was measured with the QCM system described above 
utilizing a 6 MHz gold coated quartz crystal (PN 500-117, Sycon). The settings on the 
QCM were set constant for each material with the density fixed at one gram per cubic 
centimeter and acoustical impedance or Z-factor fixed at 0.5. The quartz crystal was 
positioned near the location of the substrate during deposition using a retractable bellows 
feed through inlet in the fully extended position.  The shutter covering a K-cell was opened 
and the QCM set to record the data via the computer software. As the shutter was opened, 
radiant heat from the source opening, initially shielded by the shutter, quickly reached the 
oscillating quartz crystal. This thermal transient greatly influenced the vibrational 
frequency of the quartz crystal which caused an inaccurate reading of the incoming 
elemental flux rate. The only way to deal with this using the QCM was to wait for the 
temperature of the water cooled sensor head to equilibrate with the added radiant thermal 
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energy from the open K-cell. The transient temperature effect increases as the K-cell 
temperature increases. For the lanthanum source at temperatures above ~1480°C, this can 
require up to one hour with the source open to get a stable reading. In most other cases the 
rate was taken after allowing the QCM to equilibrate after just 12 minutes. Once stable, the 
shutter would remain open for 480 seconds and the rate was calculated from this segment. 
The relative deposition rates were calculated in Å/s through;   
𝑟𝑞𝑐𝑚 =  
𝑇0+𝑡𝑟− 𝑇0
𝑡𝑟−𝑡0
,    (eq. 3.1) 
where rqcm is the rate measured by the QCM in Å/s, T0 refers to the thicknesses in angstroms 
measured at the beginning of the measurement, at time t0, and tr is the end time of the rate, 
with the difference tr-t0 kept constant at 480 seconds to maintain consistency with 
calibrations.  Quartz crystals were always replaced before ~70% remaining lifetime and 
during each chamber venting, with 100% being a new crystal.  
Due to the difference in density and other factors between the materials grown on 
the substrate and the materials measured on the quartz crystal (complex oxides vs. pure 
metals), the QCM does not measure the absolute deposition rate. The absolute rate in 
monolayers per second depended on the surface density of the substrate material and an 
elementally dependent calibration factor of the QCM. The surface densities were calculated 
using: 
𝑑𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =
𝑓𝑜𝑟𝑚𝑢𝑙𝑎 𝑢𝑛𝑖𝑡𝑠/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
(𝑎∗𝑏)
,  (eq. 3.2) 
where dsurface is the surface density of atomic sites in atoms/cm
2 , a is the a-axis lattice 
parameter in centimeters, and b is the b-axis lattice parameter. This equation assumed the 
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c-axis was out of plane but can be adapted for all orientations. Table 1 shows the surface 
densities for all of substrates used in this study.   
 
Table 3.1: Atomic surface density for substrates used in this study. 
Substrate dsurface (atoms/cm2) 
MgO  5.64 x 1014 
GdScO3 (GSO) 6.41 x 1014 
DyScO3 (DSO) 6.48 x 1014 
SrTiO3 (STO) 6.56 x 1014 
(La0.18Sr0.82)(Al0.59Ta0.41)O3 (LSAT) 6.68 x 1014 
LaAlO3 (LAO) 6.94 x 1014 
 
 
The absolute deposition rate for each element rate was calculated as:  
𝑅 =  
𝑑𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑟𝑞𝑐𝑚∗𝐾𝑣
 ,     (eq. 3.3) 
where R is number of seconds required to deposit one monolayer, and Kv is a correction 
factor determined for each element. Relative values of Kv were determined from films 
characterized using Rutherford Backscatter Spectroscopy (RBS) to quantify the cation 
composition. Determining the absolute value of Kv requires knowledge of layer thickness 
in addition to relative cation composition in order to obtain the monolayer precision 
required for atomic layer by layer growth. In the case where substrates of different surface 
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density were mounted to the sample holder, the value of dsurface for SrTiO3 was used since 
this was the most common substrate choice for this thesis. Interestingly, for epitaxial films, 
the out-of-plane lattice parameter increased with more compressive strain, i.e. smaller 
lattice parameter or greater surface density, which contributed to a thicker unit cell out of 
plane, while the increased surface density contributed to deposition of fewer layers (eq. 
3.3). This results in a complex dependence of thickness on substrate lattice parameter that 
was accounted for by measuring thickness of each film as necessary using x-ray reflectivity 
(XRR).  
Flux rates for each element were measured at least twice prior to deposition or until 
rates were determined to be acceptable, using the last measured average to calculate the 
respective elemental flux.  Reasonable values of drift were below a relative change of ~2% 
per hour between the multiple averages.  Rates measured directly by the QCM were 
between 0.1 Å/s for Fe or Mn, and 1.3 Å/s for La. These rates for pure metals on the water 
cooled quartz crystal corresponded roughly to 90 seconds per monolayer of iron oxide or 
manganese oxide, and about 15 seconds per monolayer of lanthanum oxide on SrTiO3. 
When the average rate became sufficiently slow it was difficult to measure accurately due 
to the limited precision of the QCM. Therefore, a minimum source rate of 0.1 Å/s was 
targeted and films requiring slower rates would be compensated by reduced shutter times. 
For instance, in a LaMn1-yFeyO3 film with a small or large y the rate should be 30 seconds 
per element per formula unit to maintain a constant flux during deposition, however, to 
grow a film containing 30% or less of the B-site occupied by Mn or Fe then the rate required 
to do this would fall below the accurately measurable limit. In this case it was required to 
use a relatively higher source temperature yielding a faster than ideal rate. To compensate, 
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the source is open for less than 30 seconds, accordingly. Since each layer was only one unit 
cell there was not much chance for vertical segregation. If the shutter time required was 
sufficiently short, then the time in between the shutter opening and closing, and flux 
transients, became significant and caused the actual deposition rate to deviate from that of 
the 8 minute average. When the deposition rates were acceptable the QCM was moved 
away from the deposition focal point.  
Prior to substrate entry into the load lock chamber, 10 mm x 10 mm x 0.5 mm oxide 
single crystals from MTI Corp. were cleaved using a glass slide or tantalum substrate 
holder as a cantilever to create four usable substrates approximately 5 x 5 mm2 in size. 
After cleaving, the substrates were adhered to tantalum sample holders using silver paint 
from Electron Microscopy Sciences.  The sample holder with mounted substrates was set 
on a Fischer Scientific hotplate and heated to 200 °C in air for at least 5 minutes. This 
process ensured to outgas organic binders in the silver paint, promote strong adhesion to 
the sample holder, and to optically anneal the substrate surface for variable angle 
spectroscopic ellipsometry measurements.  The hotplate was switched off and substrates 
were cooled to ambient temperature. The substrates were cleaned with cotton and synthetic 
swabs with acetone (Fisher Scientific) and isopropyl alcohol (Fisher Scientific) a minimum 
of three times ending with alcohol with a synthetic swab to minimize fiber adherence.  The 
optical properties of each substrate was measured after cleaning and then the tantalum 
sample holder was inserted into the MBE load lock using a special substrate stub holder 
and a magnetically coupled cantilever locking transfer arm. With the source shutters 
closed, the substrates were then loaded into substrate heating stage in the main chamber 
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through the attached load-lock chamber after being pumped down in the load-lock for at 
least 10 minutes. 
After the substrates were loaded into the heater stage in the main chamber, the stage 
was lowered to the focal point. At this point, the line leading to the gas inlet valve was 
purged at least three times using 99.999% pure research grade O2 (Airgas). This process 
ensured pure O2 introduction into the main chamber. In the case of ozone generation this 
process was slightly modified to use the ozone generator but was otherwise the same. The 
pure O2 or O3/O2 mixture was then leaked into the main chamber using a manual needle 
valve to the desired growth pressure. Once the pressure stabilized the substrates were 
heated using a tungsten-filament resistive heater positioned behind the substrate stub on 
the opposite side of the substrates. The substrate temperature was monitored with an 
IMPAC IGA 50-LO Plus optical pyrometer capable of measuring temperatures between 
300° C and 1000°C (LumaSense Technologies) and two NiCr/Ni thermocouples near the 
substrate.   
Deposition was carried out in two main growth operations. The less used and slower 
process was called layer-by-layer, where layers of A-site cations were deposited 
independent from the B-site cations in one monolayer intervals. The second growth process 
is known as co-deposition, in which A- and B-site ions were deposited simultaneously in 
one or more unit cell intervals. Co-deposition effectively doubles the growth rate assuming 
equal shutter times, and was more commonly used.  This mode made for quicker growths 
in order to minimize deposition rate drift influenced by exposure to the oxidizing gas 
introduced during growth.  Shutters were controlled by an Arduino UNO microcontroller 
using a script written in Arduino.   
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After deposition, films were cooled by gradually and completely removing the 
power to the substrate heater over the course of at least one minute.  The films continued 
to cool in the main chamber until they were transferred back into the load lock after 
dropping below ~100 °C at which point the O was removed by closing the leak valve and 
all other gas valves including the cylinder.   
Samples were removed from the MBE through the load-lock chamber and stored 
in plastic containers under ambient conditions. Deposition rates were often measured after 
growth in the same fashion as before deposition. Elemental sources were cooled to room 
temperature after obtained the post-growth rates in the reverse manner as heating with the 
exception of lanthanum which was cooled at a rate of -0.1 ºC per second until fully cooled.   
3.1.2 Deposition parameters 
The high level of precision capable with MBE provided a wide range of deposition 
parameters for finding the ideal growth conditions.  The variables used in this study and 
the attempted ranges have been summarized in Table 3.2.  
 
Table 3.2: Growth variables for the MBE process 
Variable Min Max 
Substrate temperature 500 °C 850 °C 
Pressure 1x10-8 Torr 8x10-6 Torr 
Oxidizing gas Oxygen 5% Ozone 
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Table 3.2: (continued) 
Variable Min Max 
Unit cell/monolayer anneal 0 seconds 30 seconds 
Thickness 20 UC 250 UC 
Layer scheme Co-deposition Layer-by-layer 
Layer-by-layer scheme A-site first B-site first 
La:Sr and Fe:Mn Alloy ratio 0 ∞ 
Superlattice period 2:2 10:10 
Actual deposition rate  15 s/ML 60s/ML 
Film/Substrate lattice mismatch 5% compressive 3% tensile 
 
 
High quality films were obtained via co-deposition with a pause of at least 5 
seconds between each unit cell.  Optimal substrate temperatures were in the range of 550-
750 ºC with lower temperatures being better for strontium rich films and high temperatures 
being used for films containing higher concentrations of manganese.  Growth pressures 
were generally ~1x10-6 Torr using molecular O. During deposition, especially for 
lanthanum, the chamber background pressure would change when the shutters opened and 
closed. Typically, when the lanthanum shutter opened the pressure according to the ion 
gauge decreased by ~3x10-8 Torr, this was due to the consumption of oxidizing gas during 
the formation of the solid oxide crystal on the substrate as well as some oxidation of the 
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flux impinging on the substrate.  Interestingly, all pressure ranges attempted were sufficient 
to produce oxide films including the lowest pressure attempted, 1x10-8 Torr. However, the 
Kv values used for the deposition rate calculation needed to be corrected for different 
background pressures. This was likely due to the inequivalent dependence of the mean free 
path on oxidizing gas pressure between the different elemental source materials. LaFeO3, 
LaMnO3 and their alloys were readily oxidized but ferrite films that contained strontium 
would contain high concentrations of O vacancies in their as-grown state. Oxidation 
involving Fe+4 formation required a more oxidizing environment than was achievable in-
situ, despite depositing at background pressures of ~8x10-6 Torr with ~5% ozone 
concentration being fed through a capillary tube to increase the local pressure at the 
substrates. Therefore, films containing strontium were still grown at 1x10-6 Torr in 
molecular O to minimize source oxidation which promoted stable deposition rates and 
maintained accurate Kv values. 
3.1.3 In-situ reflection high energy electron diffraction  
The MBE system was equipped with a reflection high energy electron diffraction (RHEED) 
system utilizing an electron gun made by EIKO Japan. In RHEED, ~15 kV electrons are 
shot at a glancing angle towards the substrate during deposition. The electrons are reflected, 
and in some cases diffracted towards a phosphorescent screen where they are collected. A 
KSA 40 CCD camera (k-Space Associates, Inc.) recorded the images formed on the 
phosphorescent RHEED screen. The substrate was manually rotated using the stage to align 
the electron beam along different crystallographic orientations leading to characteristic 
diffraction patters. Using the k-Space Associates included software, the RHEED patterns 
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were qualitatively analyzed. RHEED was useful for determining information regarding the 
crystal growth mode and structural properties of the film.  
In theory, when the RHEED intensity was at a maximum, a layer was at its 
smoothest point, i.e. no atoms are missing from the surface.85 A maximum RHEED 
intensity decreases upon shutter opening events which populates the smooth surface with 
a random distribution of atoms, roughening the surface. Eventually a minimum intensity 
was reached corresponding to a 50% atomic population of the surface assuming perfect 
layer-by-layer growth. Exceeding 50% atomic population lead to smoothing of the surface 
attributed by more RHEED intensity until the layer was then fully populated again and 
intensity became maximized. If the flux rates were perfectly matched and stable this 
behavior would be observed for the entire growth with no interlayer annealing necessary. 
In some cases, when the growth was not perfect layer-by-layer, closing the shutters at the 
point of minimum RHEED intensity lead to increased intensity.  
Figure 3.2 shows an example of a RHEED image before and after deposition of a 
SFO film, and a trace of RHEED intensity as a function of time from one of the diffracted 
spots. The similarity of the patterns before and after growth, and the equivalent diffraction 
spot spacing throughout the growth, highlighted in Figure 3.2(c) is indicative of the 
epitaxial relationship between the film and substrate and that the growth proceeded in a 
mode which resulted in smooth coverage.  The oscillatory nature of the diffracted beam 
intensity as a function of time confirms the layer-by-layer nature of the growth, and was 
well correlated to shutter events. 
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Figure 3.2. (a) RHEED pattern along the (001) of an as-received SrTiO3 substrate 
before growth. (b) Line trace of RHEED pattern as a function of time during deposition 
showing no change of spacing between diffraction. (c) RHEED pattern after 120 unit cells 
of SrFeO3-δ. (d) RHEED specular spot intensity as function of time. Vertical lines 
approximately refer to shuttering events as follows: red is when both strontium and Fe are 
both opened simultaneously, blue represents the Sr shutter closing, and black is for when 
the Fe shutter is closed. There was a five second pause before reopening both shutters after 
Fe became closed. Shutters are approximately 180 degrees out of phase with the layer 
deposition. 
 
The RHEED behavior observed in Figure 3.2 is about 180 degrees out of phase 
with the theoretical sequence, indicating that the amount of material being deposited is 
slightly different from that of what is expected. XRR measured from this confirms a ~8% 
deficiency in film thickness compared to the target thickness. The phase difference may 
also have been the result of the oscillations appearing part way through the growth process. 
In this specific growth the observation of a degrading RHEED pattern with no oscillatory 
behavior was initially observed. The source shutter times were intuitively adjusted in the 
middle of this growth, bringing the RHEED pattern back along with the appearance of 
intensity oscillations correlated to shutter events. The corresponding composition 
measured by RBS was within the experimental error of the target. Therefore, real time 
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analysis of RHEED allowed for quick detection and recovery from non-ideal crystal 
growth. 
3.1.4 Post growth ex-Situ annealing 
In an effort to fully oxidize ferrite films containing strontium, post-growth annealing was 
conducted using a Lindberg Blue M tube furnace by ThermoScientific with ~12 inch 
heating zone.  To increase the oxidation power, the furnace was used with a 3G Lab 
Benchtop ozone generator by A2Z Ozone Inc. capable of producing up to 5% O3 in 
molecular O. Four foot long quartz tubes with a one inch outside diameter (Technical Glass 
Products) were scored and split into two 24 inch long tubes which were used in the furnace. 
The raw ends of the scored and halved tube were flamed to provide a smooth and safe 
finish. The tubes were cleaned prior to reusing. The cleaning procedure depended on the 
observed level of contamination. For a relatively clean tube with no visible contaminants, 
O3/O2 was flown through the tube prior to sample introduction at temperatures up to 200 
°C for one hour. For heavily soiled tubes they were cleaned by wadding up large low lint 
Kimwipes and stuffing them into the tubes. Acetone followed by isopropyl alcohol 
followed by distilled water were individually used to wet the Kimwipes which were then 
forced through the quartz tube with a stainless steel tube. The quartz tubes were dried using 
high pressure nitrogen to blow away any debris and then O3/O2 would be flown through. 
Custom gas flow adapters, to allow introduction of different gases through the tube, 
were fabricated using inch and a quarter inside diameter, 304 stainless steel, pipe end caps 
(McMaster Carr, part number 45605K584). The end caps were lathed to an inside diameter 
of 1.375 inches. This properly sized the end caps for the use of ozone resistant silicone O-
rings as gaskets to the outside of the quartz tube. At least two O-rings (McMaster Carr, part 
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number 9396K289) were used in each adapter. These rings were capable of withstanding 
temperatures in excess of 425 °C which was sufficient for furnace temperatures up to 1200 
°C and gas flow rates of less than three liters per minute using a 24 inch quartz tube. 
Attempts to seal gas inlet adapters to the inside of quartz tubes, using silicone stoppers or 
otherwise, were unsuccessful as the gasket materials degraded under exposure to the high 
temperature inside the tube causing contamination or other issues. The thermal 
conductance and increased exposure to room temperature air of the stainless steel end caps 
and small contact area of the gasket material to the outside of the tube also improved the 
thermal stability of the externally sealing gas inlet adapters. A hole was drilled into the 
center of the end caps, slightly smaller than 0.25 inch outside diameter stainless steel 
tubing. The end caps were then heated using a heat gun on the highest setting (1300 °F) for 
several minutes to expand the drilled hole, then a piece of standard, room temperature, 0.25 
inch 316 stainless steel tubing was inserted and the assembly was allowed to cool. When 
cooled, the hole in the cap, drilled slightly smaller than the tube, contracted back to its 
original size providing a press fit seal between the end cap and the stainless steel gas inlet 
tube. Standard Swagelok fittings were used to connect these custom adapters to gas 
cylinders and flow meters.   
Prior to inserting thin films into the clean tubes, the samples were thoroughly 
cleaned. To remove leftover silver paint from mounting to the growth stub the samples 
were wiped with acetone and alcohol using synthetic swabs and then covered with Kapton 
tape over the film surface to protect it from scratching during subsequent steps.  The excess 
tape was cut using a razor blade and the edges and backside of the sample were carefully 
sanded using 300 grit silicon carbide grinding paper (Allied Materials). Once all visible 
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traces of silver were removed the samples were quickly soaked in isopropyl alcohol mixed 
with acetone, to remove residual dust from sanding. The Kapton tape was removed and the 
samples were cleaned again using synthetic swabs wet with acetone and isopropyl alcohol. 
Failure to remove all silver prior to annealing sometimes caused samples to become ruined. 
Cleaned samples were placed directly into the cleaned tubes and pushed into the center 
using a quartz pushrod. The custom end caps were fitted and the gas flow was initiated. 
For oxidizing anneals only, ozone was generated and flown over the samples in the tube to 
further remove contaminants for several minutes during heating.  An average gas flow rate 
of ~1.0 liter per minute was used during annealing with the exception of anneals carried 
out under air atmosphere.  Samples were heated at 15 ºC/minute up to a maximum 
annealing temperature of 750 ºC.  Samples were held at the desired temperature for up to 
24 hours before the temperature was dropped at 15 ºC/minute. Often a multiple step anneal 
was implemented to achieve high oxidation levels. After annealing at high temperature in 
O2 the furnace was reduced to ~200 ºC at which point the ozone generator was activated. 
The ozone/oxygen mixture was flown for up to 4 hours at ~200 ºC before the samples were 
cooled to near room temperature in flowing O3/O2 mixture. Post growth annealing was also 
carried out under nitrogen and 4% hydrogen in nitrogen environments to avoid excessive 
oxidation, typical for perovskite manganites.67 
3.2 Rutherford backscatter spectrometry 
Rutherford Backscattering Spectrometry (RBS) experiments were conducted by external 
sources at Rutgers University, and the data was sent back for analysis.  RBS is a 
nondestructive technique used to measure the chemical composition of thin film samples. 
The basic principle of RBS involves shooting 2 MeV helium ions towards a sample then 
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counting and analyzing the kinetic energy of the backscattered particles.  Using a silicon 
detector the signal can be resolved as a function of depth to a point at which the layer 
behaves infinitely. In RBS, heavier atoms scatter helium particles with less momentum 
transfer leading to higher kinetic energy backscattered helium ions. If the elements of 
interest are contained below the sample surface then the energy of the back scattered 
particles from these elements will also be reduced by an amount related to the thickness 
and stopping power of the covering layer. Relative backscattered intensity was related to 
the size, or scattering cross section of the nucleus, and the concentrations of nuclei in the 
sample. Large nuclear size and greater concentration leads to a higher probability of 
scattering and thus more intense features. The width of the peaks and shoulders is related 
to the layer thickness. Elemental resolution diminishes with film thickness, i.e. similar 
scattering elements are easier to distinguish within thinner layers. However, for Fe and 
manganese even fractional unit cell films lead to overlap of the film peaks according to 
RBS simulations. Tailing on the low channel edge of the film peaks was due to intermixing 
and roughness between the film and substrate. An example data set is shown in Figure 3.3 
for a La0.20Sr0.76FeO3-δ thin film deposited on (001) oriented SrTiO3.   
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Figure 3.3. RBS scan and corresponding fit for a La0.20Sr0.76FeO3-δ thin film. Full 
spectrum (a) and zoomed up region (b) show the various features of a typical RBS 
spectrum. The x-axis labeled “Channel” is related to the energy with higher energy at the 
right and lower on the left. 
 
At first glance the spectrum appears complex with a series of peaks, step features, 
and flat or gradually increasing regions. The sharp peaks arise from the elements in the 
film on top, while the broad step features result from elements contained in the substrate. 
The peak on the far right in Figure 3.3 was a result of lanthanum in the film. The flat data 
before and after this peak represents the background signal in which no helium particles 
are backscattered contributing to no signal.  The next feature to the left of the lanthanum 
peak arises from strontium in the film and substrate. Due to the relatively high 
concentration of strontium in the SrTiO3 substrate, the strontium in the film was 
discernable as a shoulder off the right side of the main step feature arising from the 
strontium in the substrate. If the relative strontium concentration was equivalent in the film 
and the substrate, no discernable spectral feature would be observed. If the strontium in the 
film exceeds that of the substrate then a peak will rise above the background. The peak on 
top of the strontium step feature comes from Fe in the film. The feature to the left of the 
a) b) 
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Fe peak is the step feature due to titanium in the substrate. The next feature visible in Figure 
3.3(a) is due to the presence of O in the film and substrate. The low mass of O atoms 
contributes to a small signal, therefore RBS was not useful for characterizing O 
concentration. 
RBS data was analyzed using SIMNRA software package.86  The program 
simulated experimental data using a series of instrumental, experimental, and sample 
parameters.  Instrumental input parameters were set at fixed values obtained from the 
instrument operators at Rutgers. Experimental variables that would change slightly from 
run to run included calibration offset, energy per channel, detector resolution, and 
“particles * sr” features. These features acted to uniformly shift the simulated data along 
the channel axis, stretch or compress data along the channel axis as a function of channel, 
and increase or decrease the total simulated counts of the spectrum, respectively. The 
sample input parameters are thickness, roughness, and relative concentration with the 
possibility of adding several layers. The error minimization function provided in the 
SIMNRA software package was ineffective at successfully calculating accurate data 
simulations. Therefore, the input parameters were minimized for error manually.  
Since films on SrTiO3 were most frequently characterized with RBS, the spectrum 
fitting procedure will be explained for data acquired from samples using these substrates. 
First, the raw data was fit “by eye” using manual adjustment of input variables to get close 
starting values for error minimization.  Once satisfied, manual error minimization started 
with “parameters * sr” since this was needed to correct for vertical alignment and was 
relatively insensitive to changes in other parameters. In the case of Figure 3.3(b) the flat 
regions immediately around the Fe peak were used as the region to minimize the error of 
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“parameters * sr”, being sure to exclude contributions from the Fe peak itself. Error was 
calculated as χ2 or the square of the difference between the measured and simulated data at 
each point in the region of interest. The sum of χ2 over that region was then plotted as 
function of input value for at least three different values. The parabola was best fit with a 
quadratic function and used to find the input value of “parameters * sr” that lead to the 
minimum error87. This process was repeated for offset, energy per channel, resolution, 
thickness, roughness, and each element concentration, being sure to choose the appropriate 
region of interest for each parameter. A horizontal line plotted at Σχ2 = 105% of the 
parabola minimum represents the upper and lower bounds of the error. It can be seen in 
Figure 3.4 that there was more error for the Fe peak. This was the result of several factors 
including the small Z of Fe relative to the other elements and the strontium background 
under the Fe peak, causing slightly more challenging background correction. 
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Figure 3.4. Manual error minimization procedure for RBS data looking at the film 
features arising from (a) strontium and (b) Fe from the data shown in Figure 3.3. This figure 
illustrates the reduced accuracy of the lower mass Fe relative to strontium. Using a 5% 
metric for error, the error in the relative fraction of strontium was 1.8% while the error for 
Fe was 2.7%. Error for manganese was similar to Fe while error for lanthanum had the 
lowest error, typically less than 1%. 
 
3.3 X-ray diffraction and reflectivity 
X-ray diffraction relies on Bragg’s law which follows the expression: 
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃,    (eq. 3.4) 
where n is the order of the harmonic, λ is the incident photon wavelength, d is the spacing 
between diffracting planes,  and θ is the photon incident angle measured parallel  with the 
sample surface. The monochromatic x-rays interact with the core electron clouds of the 
atoms in the material being probed. With the x-ray aligned to the sample, the beam will 
constructively interfere when the angle θ reaches the Bragg condition for diffraction. The 
diffracted x-rays are collected with a detector leading to an observed diffraction peak. In 
XRD the Bragg condition occurs due to the presence of the well aligned atomic planes 
found in crystals allowing for diffraction and when the path of the x-ray takes exactly nλ 
(a) (b) 
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angstroms to travel from one parallel plane to the next. The angle at which the peak occurs 
is related to the separation of the atomic planes in the crystal. In the case of XRR, the 
difference of density (to the x-ray) between the substrate and film, and the presence of 
sharp, flat and smooth interfaces, leads to the ability to generate a characteristic reflectivity 
pattern providing information about film thickness and roughness. From eq. 3.4 it can be 
seen that the larger spaced planes diffract at lower angles, thus XRD was performed at 
incident angles on order of 20 – 80 °2θ. In contrast, XRR was performed at glancing angles 
on the order of 0 – 8 °2θ. 
XRD and XRR was used extensively to determine the lattice parameter, 
crystallinity, coherence length, strain, thickness and roughness of epitaxial complex oxide 
thin film and superlattices. Most data was collected using a four circle Rigaku SmartLab 
diffractometer located within the Centralized Research Facilities at Drexel University. The 
system was equipped with a copper source and was mostly used in parallel beam geometry 
with a Rigaku 2-bounce Ge (220) monochromater. Subsequent procedural steps refer to 
this system. Earlier x-ray scattering experiments were conducted using a Bruker DX 
Discover with a copper source, located at Temple University, and some patterns were 
collected using the synchrotron generated x-ray at sector 33-BM of the Advanced Photon 
Source at Argonne National Lab using x-rays with an incident wavelength of 1.24 Å.  
The Rigaku XRD was operated with an accelerating voltage of 44 keV at 40 mA 
operating current. A schematic of the x-ray diffraction setup is shown in Figure 3.5. The 
optics were aligned with the parallel beam 2-bounce Ge (220) automatic optics alignment 
procedure within the Rigaku SmartLab Guidance XRD operating program.  After 
alignment, slits in the path of the x-ray beam, one set before the sample and two after, were 
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adjusted to provide a good signal and resolution for general use. The incident slit before 
the sample and the first receiving slit after the sample were set to 0.1 degrees, and the 
second receiving slit after the sample was set to at least 2 mm. Samples were aligned 
manually to the incident beam. Sample alignments were focused on the specular reflection 
of the x-ray beam aligned at 2θ = 0.5°. The locations of maximum intensity of the scans 
about various tilt and rotation axes (χ, ω, and ϕ) were fixed. These scans were then repeated 
until consistent peak positions and maximum intensity was observed.  
  
 
Figure 3.5. Schematic representation of an x-ray diffractometer with various 
components and alignment angles labeled. Figure modified from S. Kobayashi.88 
 
Once the sample was aligned, an XRR scan was performed at a rate of 0.1 Å/min, 
generally between 2θ = 0.4 - 4.0º.  Next, the sample was aligned for diffraction by moving 
to the dominating diffracting condition for the substrate, usually the (002) according to 
basic structure factor calculations. For SrTiO3 this peak occurs at an angle of 46.47º 2θ. 
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The tilt of the sample parallel to the plane of incidence of the x-ray beam,  was rocked to 
generate a substrate rocking curve and align  to the substrate for diffraction. A fast 2θ / 
scan of at least 1.0º 2θ/min was preformed to locate the diffraction peak from the film, 
using knowledge of the bulk lattice parameters for the substrate and film materials to guide 
the process. After locating the film diffraction peak,  was scanned to generate a rocking 
curve from the film and to align to the film peak. A longer 2θ/ scan, taken at a rate of 0.1º 
2θ/min, was then performed centered about the film peak, being sure to capture the 
substrate diffraction peak. 
XRD patterns were typically analyzed using simple Gaussian fitting of the film 
peak where the peak center was indicative of the out-of-plane lattice parameter calculated 
using Bragg’s law. The width of the peak was inversely related to the coherence length 
through the Scherrer equation, 
𝜏 =  
𝐾𝜆
𝛽𝑐𝑜𝑠𝜃
,    (eq. 3.5) 
where τ is the coherence length, K is a geometrical factor (0.94), λ is the incident x-ray 
wavelength, β is the full width at half maximum (FWHM) of the peak, and θ is the peak 
center in degrees. The coherence length refers to the length scale for which the diffracting 
condition was met.  Assuming equal thickness, narrower peaks denote a higher degree of 
order through the layer.  If a film’s coherence length was similar to the film’s thickness, 
then the film was said to be coherent, and the majority of the film experiences one 
crystallographic orientation along the crystallographic direction measured by the 
diffraction peak.  If the coherence length was less than the thickness of the film then the 
material may be relaxed, defective, or polycrystalline. The rocking curves centered about 
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the film and substrate (002) peaks were used to compare the crystallinity of the film and 
substrate, with the full width at half maximum (FWHM) of the rocking curve being related 
to the crystallinity, in particular the mosaic spread of the crystallographic orientation about 
the measured direction. Occasionally, wide angle scans spanning over 30° in 2θ were used 
to investigate formation of secondary phases. The absence of peaks besides those from the 
film and substrate (00l) indicated the film was phase pure with a single out-of-plane 
orientation. 
XRR data was analyzed using GenX software89. This software simulates and fits 
reflectivity and diffraction data allowing for comparison to experiments for highly accurate 
data analysis. XRR data has three characteristic features that were modeled.  The initial 
drop in intensity was called the critical edge and was related to the scattering length density, 
or electron density of the material exposed to the incident x-ray beam, and the sample 
geometry (ratio of sample size to beam size). The periodic and gradually decreasing fringes 
are characteristic of the film thickness. The spacing between the interference fringes above 
~2° in 2θ are inversely related to the film thickness through: 
𝑑 =  
2𝜋
𝑞2−𝑞1
,    (eq. 3.6) 
where q1 and q2 are the peak locations in momentum transfer of two adjacent peaks. 
Momentum transfer (q) in Å-1 and is defined by: 
𝑞 =  
4𝜋𝑠𝑖𝑛𝜃
𝜆
.    (eq. 3.7) 
An example XRR plot and corresponding best fit simulations are shown in Figure 3.6 (b). 
The overall drop in intensity as the scan progressed to higher angles after the critical edge 
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was a result of the films finite roughness. Rougher films scattered the x-rays to off-specular 
angles and contributed to a faster decay of specular intensity with increasing 2θ. Decay of 
the relative fringe height with increasing angle was result of the interfacial roughness 
between the film and substrate. The peak-to-valley change in intensity, or “tallness” of the 
fringes is determined by the difference in scattering length density of the film and substrate, 
as well as a slight influence from the roughness. Therefore, XRR patterns that had small 
but continuous fringe height through the scan were the result of similarity between the 
electron density in the film and the substrate.90,91 
 
 
Figure 3.6. (left) X-ray reflectivity data example.90 (right) Experimental data and 
corresponding best fit for LaFeO3 deposited at ~595 ºC and 5x10
-7 Torr O2 on various 
substrates at the same time. Similar critical edge behavior for all samples shows the similar 
density for each film. Similar spaced fringes indicate similar thickness. The sample on 
LaAlO3 (LAO) exhibits a faster drop in intensity with angle than the others, indicating that 
the surface was rougher than the others. The small fringes result from the minimal contrast 
between the film and substrate, and from the effects of roughness. The thicknesses of the 
films shown are between 84 nm (LAO) and 89 nm (DSO). Roughness was determined to 
be ~0.8 nm for all films except the one on LaAlO3 which has a ~1.2 nm surface roughness.  
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3.4 Optical spectroscopy 
Optical spectroscopy is a useful technique for probing the electronic band structure of 
various materials, especially semiconductors, as explained in Chapter I. Optical 
spectroscopic measurements were carried out using a Shimadzu UV-2501PC UV/vis 
multifunction recording spectrophotometer. Reflection at normal incidence was collected 
with an integrating sphere and transmission was collected using a split beam with an air 
reference. Optical reflectivity measures the intensity of light reflected from the surface of 
a sample at normal incidence as a function of incident photon energy, relative to a silver 
mirror. The transmission spectrum is the intensity of the transmitted beam through the 
sample. The transmitted intensity through the sample was calculated as:  
𝐼𝑇 = 𝐼0 − 𝐼𝑅 − 𝐼𝛼    (eq.3.8) 
where IT is the transmitted intensity measured by the detector, I0 is the incident intensity, 
IR is the reflected intensity, and Iα is the intensity that is absorbed by the material. 
It is worth noting that optical reflectivity and transmission also yielded unreliable 
data likely due to the difficulty adapting the instrument to work with small samples leading 
to inconsistency from run to run. Sometimes anomalous absorption behavior was observed 
as depicted in Figure 3.7. There is a small beak just below 2.0 eV that is not from the film 
or substrate. This behavior was also observed by Sushko et al., which they attributed to 
index mismatch effects between the film and substrate92. Transmission based optical 
absorption data was ultimately not used in this thesis largely due difficulties deconvoluting 
the isolated thin film optical properties from the response measured from a film-substrate 
stack.  
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Figure 3.7.  Absorption coefficient for a LaFeO3 film on SrTiO3 generated using 
transmission and reflection data. 
 
3.4.1 Variable angle spectroscopic ellipsometry 
The optical properties of thin film samples were successfully characterized using variable 
angle spectroscopic ellipsometry (VASE) which proved much more reliable data for the 
samples used in this thesis. A schematic VASE setup is shown in Figure 3.8.  In 
ellipsometry, light polarized at an angle between, but not equal, to 0º and 90º with the film 
surface is reflected off the surface of a smooth sample at an incident angle Φ0. The reflected 
light becomes elliptically polarized due to the inequivalent interaction of the components 
of light polarized parallel (rp) and perpendicular (rs) to the sample surface, illustrated in 
Figure 3.8. The complex reflectance (ρ), or the ratio of intensity between rp and rs reflected 
off the sample surface, is then measured by the detector.  Because ellipsometry measures 
a ratio of two parameters simultaneously the data was highly reproducible and self-
normalized, limiting the effects of light scattering and sample misalignment.  VASE also 
avoids complications imparted by the substrate absorption edge, above which normal 
photon transmission experiments cannot be measured due to overwhelming substrate 
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absorption. For example, films grown on Nb-doped SrTiO3 substrates were successfully 
measured even though visible light cannot be transmitted through the substrate. 
 
 
Figure 3.8. Ellipsometry schematic.  Columnar or focused linearly polarized light 
illuminates a sample at an incident angle Φ0.  The reflected light becomes elliptically 
polarized based on the interaction with the sample which is measured as the relative change 
in amplitude (tanΨ) and phase (Δ) difference between the two component polarizations. In 
VASE, the incident angle can be changed to provide more information about the optical 
properties of the sample. Figure taken from reference [93].93 
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Figure 3.9. Reflection behavior as a function of incident angle for 2.11 eV light 
polarized parallel (S) and perpendicular (P) with the film’s surface and non-polarized light 
on SrTiO3. This demonstrates the physical principle of how ellipsometry works. At 
Brewster’s angle, P-polarized light (rp) is perfectly transmitted through the material and 
thus is not reflected. Figure adapted from reference [94].94 
 
The relationship, 
𝜌 =
𝑟𝑝
𝑟𝑠
= tan(Ψ)𝑒𝑖Δ,    (eq. 3.9) 
was used to determine tanΨ which is the relative change in amplitude, and Δ which is the 
relative change in phase between the rp and rs components. From this complex ratio, the 
complex dielectric function was computed using, 
𝜀̃ = 𝑠𝑖𝑛2(𝜙) [1 + 𝑡𝑎𝑛2(𝜙) (
1−𝜌
1+𝜌
)
2
],   (eq. 3.10) 
where 𝜀̃ is the complex dielectric function and ϕ is the incident angle. The complex 
dielectric function was then used to compute the optical constants, 
𝜀̃ = 𝜀1 + 𝑖𝜀2 = (𝑛 + 𝑖𝑘)
2,   (eq. 3.11) 
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where ε1 is the real part of the dielectric function, ε2 is the imaginary part of the dielectric 
function, n is the refractive index, and k is the extinction coefficient. The extinction 
coefficient is related to the absorption coefficient (α) by: 
𝛼 =
4𝜋𝑘
𝜆
,    (eq. 3.12) 
where λ is the incident photon wavelength. The spectroscopic absorption coefficient, as 
explained in Chapter I, was then used to provide insight about a material’s electronic 
structure.  
Ellipsometry data was collected using a J.A. Woollam M2000U VASE system with 
a heated stage capable of temperatures up to 300°C. The light was produced by an 
incandescent bulb for the infrared and visible light, and a deuterium bulb for ultraviolet. 
The use of two bulbs led to a characteristic region of error in the data set at about 3.5 eV. 
Before collecting data, the instrument was left to warm for at least 15 minutes after 
initializing to stabilize the light beam being sure that both bulbs were on and stable. 
Focusing optics were fitted to reduce the spot size to about one millimeter, allowing for 
localized measurements. Beam and focusing optic alignment were checked, and the 
intensity recorded prior to calibration, making adjustments if necessary. Calibration was 
conducted at 70° using with the provided calibration wafer. The spectral range used was 
1.24 eV (1000 nm) to 5.03 eV (246.5 nm). The range of angles used for this thesis was 60 
and 75° in 5° step sizes, yielding four measurements per dataset. Data was collected at a 
count rate of 400 revs/measure according to the WVASE32 version 3.702 software. Low 
energy data, collected out to 0.7 eV, was measured by Robert Devlin using facilities at 
Harvard University. 
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Figure 3.10. Raw ellipsometry data and fitting results at several angles for a LaFeO3 film 
on LSAT. Left panel is Δ and right panel is Ψ. The singularity in Δ at 70 degrees just below 
600 nm is Brewster’s angle for that wavelength of light for this sample.  
 
An example of the raw collected data in Ψ and Δ as a function of incident photon 
wavelength is shown in Figure 3.10 with the corresponding model fit for several incident 
angles. It can be seen that the relationship between angle and complex reflection is not 
constant. This necessitates data collection at multiple angles to thoroughly define the data 
set which allows for a more unique and accurate solution to be obtained. Raw ellipsometry 
data can be directly converted into the optical constants n and k using eq. 3.11. An example 
of the obtained n and k can be seen in Figure 3.11 which displays how each angle 
reproduces nearly the exact same optical response for the film-substrate stack. This was 
expected for isotropic materials and can be used as a check that data was correctly acquired. 
Another feature was the presence of negative extinction coefficient observed in Figure 
3.11, which is not possible for bulk materials. This somewhat striking feature was the result 
of optical effects arising from a thin film on a substrate. To extract the isolated properties 
of a thin film on a substrate the raw data was fit using WVASE 32 software package.   
 
Ψ
 Δ
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Figure 3.11. Converted optical constants from the raw ellipsometry data of a LaFeO3-
LSAT film-substrate stack. 
 
To accurately determine the film properties using data collected from a film-
substrate stack, the substrate optical properties must be accurately known. Figure 3.12(a) 
shows the extinction coefficient as a function of incident photon wavelength for two 
different SrTiO3 substrates with nearly identical optical response. A LaFeO3 film on SrTiO3 
was then modeled using both substrates and the corresponding thin film extinction spectra 
are shown in Figure 3.12(b). This difference although subtle, shows the compounding error 
that resulted from very slight variations in the substrate optical properties. This effect 
became so great when fits were attempted using the wrong substrate that they often did not 
converge. Therefore, each substrate was measured before deposition to avoid the 
compounding discrepancies in optical properties.  
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Figure 3.12. Effects of non identical (a) substrate properties on the (b) resultant 
properties of the over lying film after model fitting.  
 
To further improve the accuracy of the substrate optical properties, the substrate 
was heated to 200°C before VASE measurement. This provided a more realistic measure 
of the substrate properties after deposition, helping to minimize the difference in the 
substrate optical properties before and after simulated growth. This is demonstrated in 
Figure 3.13 comparing the optical properties of a SrTiO3 substrate at different stages of 
treatment. This was tested by measuring the optical properties in the as-received state, after 
heating to 200°C on a hot plate for 20 minutes, and then again after being held at growth 
conditions (1x10-6 Torr in O2 at ~650 °C) for approximately the length of a deposition run 
(~1.5 hours). The difference in optical properties between the substrates heated to 200°C 
and 650°C is less than that between the as-received and substrate heated to 200°C.  Since 
subtle differences in substrate properties can translate to large error in the resulting 
properties of the overlying film as seen in Figure 3.12, all optical properties of substrates 
were measured after mounting the substrates to the deposition stub and then heating to 
200°C in air for several minutes. It was possible to further minimize the difference in 
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optical properties by further annealing in air or in the MBE but these procedures either 
weakened the structural integrity of the silver paint causing samples to fall off in the MBE 
or were too demanding in terms of time to complete. 
 
 
Figure 3.13. Optical properties of a SrTiO3 substrate at several stages prior to deposition.  
 
An accurate model of the system was created using XRR to determine the film 
thickness and interfacial roughness. These parameters were then fixed in the WVASE 32 
software. The effect of inaccurate thickness can be seen in Figure 3.14 and is quite 
significant. These errors are significant mostly due to how the slope of the first absorption 
edge features change, leading to significantly different band gap estimations between the 
curves.  
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Figure 3.14. Effect of thickness miscalculation for LFO on STO. Since the higher energy 
peak has stronger absorption, most of the light is absorbed near the film surface thus 
thickness does not influence this peak much. 
 
The effect of surface roughness can be seen in Figure 3.15 which compares a film 
modeled with a pristine surface to one with a 1 nm thick roughness layer added to the 
surface consisting of 50% void and 50% underlying film with a depolarizing factor of 1/3. 
While  this may not be the most actual model of actual surface roughness, for demonstration 
purposes these conditions represent nearly the maximum difference in spectrum achieved 
using a 1 nm thick roughness layer. Considering the measured roughness was typically less 
than 1 nm and the roughness density unknown, films were modeled as smooth to avoid 
issues accurately accounting for surface roughness layers. Interfacial roughness between 
the film and substrate had minimal effect at the level of ~1 nm, however this may become 
significant for thinner films. 
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Figure 3.15. Effect of modeling roughness on optical properties. 
 
Once satisfied with the model fit, the band gap was estimated using plots derived 
from the absorption coefficient using the Tauc equation, 
𝛼𝐸 = 𝐵(𝐸 − 𝐸𝐺)
1 𝑚⁄ ,    (eq. 3.13) 
where E is the incident photon energy, B is a tailing parameter, EG is the band gap energy 
and m is the transition type (in/direct, forbidden/allowed)15. Details of eq. 3.13 are 
described in Chapter I. Using these so-called “Tauc plots”, the linear range of the 
absorption edge was fit and extrapolated to the x-axis, the intersection of which defines the 
band gap energy for the value of m chosen.  
3.5 X-ray spectroscopy 
To investigate oxidation state, stoichiometry, and valence band structure, ex-situ 
photoemission spectroscopy was attempted. This technique utilizes monochromatic 
ultraviolet or x-ray irradiation to excite electrons ejected out of the sample. The use of 
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ultraviolet or x-ray photons enables either UPS or XPS, respectively. A photoemission 
setup is shown schematically in Figure 3.16.  
 
 
Figure 3.16. Schematic XPS/UPS setup also showing data representation. Incident 
photons eject valence (UPS) and core (XPS) electrons which are collected and analyzed 
using parallel charged hemispherical plates that separates electrons bass on their kinetic 
energy. Figure adapted from the following references.95,96 
 
Due to the relatively small escape depth of photoelectrons, limited by 
recombination within the material, sampling depth is usually less than 5 nm97 despite over 
one micron of x-ray penetration. The escaped electrons are collected using a hemispherical 
analyzer which separates the electrons using two biased parallel hemispherical plates 
altering the photoelectrons time of flight based on their kinetic energy. The kinetic energy 
of the photoelectrons is then related to binding energy if the exciting photon energy was 
known using the relationship, 
𝐸𝐵 = 𝐸0 − 𝐸𝐾,    (eq. 3.14) 
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where EB is the binding energy of the electron, E0 is the incident photon energy, and EK is 
the kinetic energy of the photoelectron. Electron binding energies are characteristic of 
specific elements in various chemical environments allowing for very sensitive chemical 
detection on a sample’s surface. Quantitative determination of oxidation state was 
estimated by analyzing the changes in peak position and shape of the resulting 
photoelectron spectrum, in comparison with known standards or spectra from the literature. 
The relative cation concentration was also estimated using XPS by comparing the relative 
area of the characteristic peaks present from the various elements contained in a sample. 
Due to the inequivalent dependence of peak area on chemical concentration, each element 
has an instrument specific correction factor called the relative sensitivity factor to account 
for the difference in the photoelectron escape depth. In UPS, the valence band electrons 
are characterized and data can yield quantitative information regarding work function, 
Fermi level in metals, or valence band maximum in semiconductors. Relative density of 
states within the valence band can also be determined. 
Photoemission experiments were carried out using a PHI Versa Probe II 
photoemission/auger system at Drexel University. XPS was conducted using an aluminum 
anode x-ray source and UPS was utilized a helium discharge lamp capable of producing 
both He I (21.2 eV) and He II (40.8 eV) emission lines. A biasing stage capable of 15 volts 
offset was equipped to aid in work function estimation. Photoelectrons were collected at 
pressures of ~ 1x10-6 Torr at room temperature. Samples were first cleaned, then mounted 
and electrically grounded to the photoemission stub using a screw down copper clip. To 
avoid the samples falling off the stub during stage tilting required for UPS measurements, 
double sided tape was placed between the stub and backside of the sample for added 
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security while still using the same copper clip method clamping to the sample surface. 
Electric neutralization was used in addition to argon neutralization to further avoid 
charging effects for insulating samples. Data was collected over a wide energy range to 
survey for contamination and for rough quantitative analysis; an example data set is shown 
in Figure 3.17.  
Figure 3.17. Wide energy XPS scan showing the effect of Ar sputtering. Inset shows 
energy region of the Ar 2p binding energy showing the presence of Ar after sputtering. 
 
Using the survey scan, ranges of interest were selected depending on the material 
or contamination of interest. In the case of ex situ XPS analysis the interesting peaks were 
those due to Fe, O, La, Sr, Mn, Mg, Ta, Al, Ti, and C. Carbon was present as a result of 
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surface contamination from the air and cleaning solvents. Surface contamination makes ex 
situ XPS analysis difficult but the well-known contaminate peaks can also be used as an 
energy reference. The main problem with carbon contamination was increased noise in the 
data and its removal requires Ar ion sputtering. Argon ion etching was mainly problematic 
due to reduction of the metal cations, namely Fe, in addition to actively removing sample 
material damaging the sample surface. The cation valence reduction is depicted in Figure 
3.17 showing clear formation of O deficient Fe phase after Ar ion sputtering. For the 
sample used in Figure 3.18, sputtering at 500 V did not reduce the Fe excessively but was 
not successful at completely removing all detectable carbon contamination even after 30 
minutes of sputtering. 1000 V Ar sputtering was successful at removing all detectable 
carbon but at the expense of Fe reduction. It is also noteworthy to mention that even 
sputtering at low power for short times yielded the appearance of a small peak from Ar, 
possibly due to implantation into the sample surface. These effects combined with no 
detectable Fe (IV) species made determination of cation valence unreliable and ultimately 
was not useful for this purpose for Fe species. Analysis of Mn containing materials was 
not attempted. A new heated stage and C60 sputter gun have also been fitted and should be 
used in the future for removal of surface contaminants as well as activated reduction 
experiments conducted under in situ heating to different temperatures. 
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Figure 3.18. Evolution of Fe peak with Ar ion sputtering at different power. Sputtering 
at 500 V successfully removed most contaminants, exposing the underlying Fe, increasing 
the peak intensity. Sputtering at 1000 V fully removes carbon contamination but begins to 
alter the Fe chemical environment observed by the change in spectral features. 
 
3.6 Magnetization 
Magnetization measurements were performed using a Quantum Design (QD) Vibrating 
Sample Magnetometer (VSM), housed in a QD Physical Property Measurement System 
(PPMS) with an Evercool II recirculating helium compressor. The system was equipped 
with a 9 T magnet and was capable of temperatures between 380 and 1.8 K. Samples were 
cleaned with acetone and isopropyl alcohol prior to measurement, including the removal 
of all traces of silver from mounting to the growth stub. Clean samples were adhered to a 
quartz paddle with a plastic threaded end using carbon tape, being sure to avoid any 
contamination and properly locate the sample. The threaded end was screwed into a special 
carbon fiber rod which extended the sample into the cooling and magnetic field zone of the 
PPMS. The rod was magnetically coupled to a vibrating shuttle within the VSM atop the 
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PPMS system which vibrated at a constant 40 Hz during measurement. Pickup coils 
installed into the PPMS cooling zone, measured an electrical signal induced by the 
magnetic sample vibrating past the coils. A maximum sensitivity of ~1x10-6 emu can be 
achieved using VSM. This high sensitivity requires pumping out all air since certain gases 
will have magnetic signals at low temperature. Therefore, extended purging with helium 
(Ultra-High Purity 99.95%, Airgas) was performed after sample introduction. To maximize 
measurement sensitivity, the sample location relative to the pickup coil was measured at 
room temperature using the included feature in the MulitVu software package. Most 
samples were located with an applied field of 0.2 Tesla, but some very non-magnetic 
samples requiring fields up to 2 Tesla for location. Magnetization as a function of 
temperature was collected at every K at a sweep rate of 3 K/min using a 20 second 
averaging time, one measurement per point, and no omission of any data. Field dependent 
measurements were collected at 10 K out to positive and negative 2 T using a sweep of 0.1 
T/min, collection every 50 Oe using the same statistical controls. Despite steel scissors and 
razor blades having been used to cut carbon tape and remove samples from quartz paddles, 
no signs of impurities were detected, testament of the care taken to avoid contamination 
prior to measurement.  
Raw data in emu was converted into Bohr magnetons (μB) per volume using the 
sample volume calculated from the substrate area measured with calipers and film 
thickness obtained from XRR.  Bohr magnetons per volume were converted μB to per B-
site ion by using XRD to measure the out-of-plane lattice parameter and the estimating or 
measuring the in-plane accordingly. Substrate contributions to field dependent 
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measurements were removed by fitting the saturated regions with a line and subtracting the 
average slope from the raw data. 
3.7 Electronic transport 
Electrical characterization was largely performed by Yujun (Terry) Xie, now at Yale 
University. Temperature dependent measurements were conducted using the PPMS but 
also using a custom built liquid nitrogen dip probe system. Samples were adhered to either 
systems measurement stub with vacuum grease.  Gold or silver wires soldered to the 
measurement stub contacts were attached to the sample surface with the same silver paint 
used for mounting substrates to growth stubs. In the case of the PPMS, samples were 
lowered into the specimen chamber at 300 K and the chamber was purged with helium and 
pumped down to the mTorr range.  Resistivity was measured between 300 K and 10 K at 
sweep rate of ~10 K/min with data collected every 5 seconds.  In the case of the dip probe 
system, the temperature sweep was controlled by manually adjusting the probe distance 
from the liquid nitrogen in the Dewar and the low temperature was limited to 77 K.  
 
 
Figure 3.19. Contact geometry for resistivity scans in the PPMS “a” is the sample width 
perpendicular to the contact spacing, “b” is the sample width parallel to the contact spacing, 
“s” is the contact spacing (ideally equivalent for each contact). 
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The four point geometry shown in Figure 3.19 was used for most resistivity 
measurements. In this configuration, a voltage was measured between the two central 
contacts while a current was sourced between the outer contacts.  Resistivity (ρ) was 
calculated using 
𝜌 = 𝑅 (
𝑎
𝑏
,
𝑏
𝑠
)
𝑉
𝐼
𝑑,   (eq. 3.15) 
where R is a geometrical factor between 1 and 𝜋/ ln 2 (~4.5), a is the sample width 
perpendicular to the contact spacing, b is the sample width parallel with the contact 
spacing, s is the contact spacing (ideally equivalent for each contact), V is the measured 
voltage, I is the applied current, and d is the thickness of the film.53   
 
3.8 Density functional theory 
First-principles density functional theory (DFT) calculations were performed by Adam 
Cordi under the advisement of Dr. James Rondinelli, now at Northwestern University. The 
projector augmented wave (PAW) basis set, as implemented in the Vienna ab-initio 
Simulation Package (VASP)98,99 on the experimental LaFeO3 structure reported by 
Caronna et al.100 Results obtained using relaxed atomic positions were not appreciably 
different in the region of interest; thus the experimental atomic positions were used to 
remain consistent with experimental analysis. The PBEsol exchange correlation functional 
was used with a 7 ⨯ 7 ⨯ 5 Monkhorst-Pack mesh101 and a plane-wave cutoff of 600 eV. 
All calculations have been performed using the Dudarev formalism102 of the plus Hubbard 
U correction with U=3 eV applied to the Fe 3d states. The imaginary and real dielectric 
functions were extracted from the frequency-dependent dielectric matrix using the method 
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of Gajdoš et al.103 within the single particle approximation and neglecting local field 
effects. The optical constants n and k were then calculated using eq. 3.11.  Tauc plots of all 
known values of m were then generated and the obtained band gap values compared to 
those from the band separations in the calculated density of states and energy versus 
momentum diagrams. The model with the best agreement was then chosen as the model to 
use for experimental data. 
3.9 Atomic force microscopy 
Atomic force microscopy (AFM) was used to characterize local surface morphology and 
roughness mainly for substrate preparation analysis. A schematic AFM setup can be seen 
in Figure 3.19. AFM works by measuring the deflection of a cantilever tip as it moves 
parallel across a materials surface.  The cantilever tip is coupled to a laser beam reflection 
into to a photodetector. As the tip encounters various features the motion of the tip is 
recorded by the displacement of the laser reflection and is analyzed by a computer to 
generate a three dimensional (3D) surface image. The images can be atomically resolved 
with the ability to measure a single layer of atoms as shows schematically in Figure 3.20. 
 
 
 
Figure 3.20. Schematic atomic force microscopy setup.  
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Substrate morphology and surface structures were readily characterized with AFM 
since XRR was not useful in this regard. Since the roughness magnitude can remain 
constant upon morphological changes, local examination of the surface is required for 
detailed morphological characterization. The effects of various pre-deposition treatments 
were analyzed using AFM to determine their effectiveness as well as qualitative substrate 
surface termination. 
Overall, the results from AFM were limited by low throughput. AFM required 
many images for good statistics and typically had a large roughness variance. When 
compared to the low errors obtained from XRR simulations, AFM roughness data was 
considered unreliable. Therefore, film roughness was not often characterized using AFM.  
3.10 Substrate surface preparation 
Prior to deposition, all substrates would be subjected to some type of pretreatment. The 
major goal for substrate surface preparation was to provide equivalent substrate surfaces 
between growths to aid in the consistency of the growths. The ideal surface for MBE 
growth was considered to be a terraced surface free from pitting with a single cation site 
termination layer, with Ti termination preferred for STO. This allows for consistent film 
nucleation at step edges and should lead to the same growth mode for all growths conducted 
at identical conditions.  
The results from substrate surface preparation were largely inconsistent using 
SrTiO3 and LSAT for the vast majority of substrate preparation experiments. The simplest 
of all treatments was conducted for every sample ever grown despite prior treatments. This 
pretreatment was refereed to earlier in section 3.1.1 as “optically annealing” and involves 
heating substrates to ~200 °C after mounting to the substrate holder for ~20 min. This was 
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found to provide more consistent optical data compared to substrates that were exposed to 
growth conditions without actually growing a film. The effect was largest for STO 
substrates but the surface morphology properties were not found to change in any way 
using this treatment for any substrate material, determined by AFM.  
More aggressive treatments and exposure to various acid etchings and rinsing with 
acetic acid, nitric acid (NHO3), hydrochloric acid (HCl), aqua regia (3:1 HCl:NHO3), 
water, isopropyl alcohol, and acetone were found to significantly change the substrate 
surface morphology. For SrTiO3 substrates thermal annealing at ~1000 °C was found to 
change the surface morphology rather quickly (>30 min), however, some substrates, 
remained nearly unchanged after even longer treatment. Some of the substrates formed 
atomic terraces, according to AFM, while others showed highly disordered surfaces with 
aggregate formation. In fact, all initial treatments yielded variable results. This is likely 
due to inequivalent cutting angles leading to significantly different surface terraces 
concentrations. In addition, complex surface chemistry and preferential etching makes 
single chemical termination difficult to achieve in some cases.  
Rinsing disordered surfaces with aggregates in water or acid sometimes removed 
the aggregates to provide a less rough surface. Subsequent annealing or another rinse in 
water or acid followed by more annealing was typically required to produce terrace 
formation on STO. STO substrates that were annealed and etched multiple times often 
eventually led to terrace formation but sometimes at the expense of pitting on their surfaces.  
LSAT substrates typically had the best pretreatment results from high temperature 
annealing conditions in air however; terrace formation was challenging and was likely 
limited by temperature. Etching LSAT seemed to only cause island formation on the 
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surface after annealing despite multiple etchings and anneals. Further investigation to 
LSAT substrate preparation should be examined since higher temperature (T > 1200 °C) 
annealing is likely a better method. 
Overall, substrate preparation was quite inconsistent. Because of this, as received 
substrates were typically used for deposition. STO was found to be readily treatable but 
with terrace formation nearly always becoming apparent after multiple annealing and 
etching treatment. LSAT was found to be difficult to treat and was likely limited by furnace 
temperatures. The thickness of the films used in this study (t > 20 nm) displayed bulk like 
properties and no effects of substrate termination were observed. Roughness of the as-
received substrates were typically less than ~ 0.5 nm, adequate for the experiments 
conducted here.  
Utilizing substrates with intentional off axis cuts, leading to consistent surface 
terraces, is likely to yield more consistent treatment results. Perfectly cut substrates do not 
have terraces and therefore treatment will not produce terraces under any conditions. 
Imparting a slight mis-cut from alignment with the atomic planes leads to possible terrace 
formation for all substrates. This leads to a smaller difference in surface energy between a 
surface with terraces and a surface with a different number of terraces, compared to a 
surface with no terraces and a surface with terraces. The presence of atomic terraces’ is 
also likely to improve deposition consistency by providing a similar density of nucleation 
sites, as well as similar chemical affinity or sticking coefficients (assuming the same cation 
termination chemistry).   
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Chapter IV: Lanthanum Ferrite: A Case Study 
Lanthanum ferrite (LaFeO3, LFO) is an example of a semiconducting perovskite oxide with 
a visible band gap energy (EG) of previously estimated to be ~2.1 eV
52 based on simple 
linear extrapolation of the absorption edge. This gap energy makes this material potentially 
useful for optical device applications such as photocatalysis7,92,104–109.   However, accurate 
determination of band gap energy can be quite challenging for materials with complex band 
structures and strongly correlated systems like LFO. In an effort to better understand and 
analyze the underlying physics behind the optical properties, including the band gap, 
LaFeO3 was investigated as a model system of non-d
0
 perovskite oxides.  
This chapter discusses: 
 Theoretical electronic structure and optical absorption of LaFeO3 and 
determination of band gap character, 
  MBE synthesis of LaFeO3 thin films, and attempts to correlate atomic structure to 
growth conditions, stoichiometry, and strain 
 Changes in the  optical properties under the same variables and the effect of post-
growth annealing, and 
 Experimental temperature dependence of the optical absorption and band gap 
behavior. 
 
4.1 Theoretical band structure and calculated optical properties of LaFeO3  
Both experimental and theoretical studies have been carried out for many materials 
including SrTiO3 and BiFeO3 to better understand their optical transitions
37,38,105,110–115. 
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However, combined studies in which DFT simulations are used to directly calculate the 
optical absorption, to determine the appropriate model for experimental data analysis, has 
not been adopted prior to this work. While band gaps are often underestimated using 
standard DFT exchange-correlation functionals116, the band dispersions are often 
correct117, and the nature of the gap (direct versus indirect) is seldom incorrect provided 
experimental lattice constants are used in the simulation.  
In an attempt to determine the band gap character and minimize error in band gap 
estimation, a theoretical absorption spectrum was computed for LaFeO3 using the 
calculated band structure and DOS. This combined information allows for the prediction 
of absorption peak energies, transition character, and band separation energies. The 
theoretical energy versus momentum band structure (E vs. k) diagram and density of states 
(DOS) for LaFeO3 are shown in Figure 4.1. The minimum band gap energy was 1.879 eV 
corresponding to an indirect transition from the highest valence band (VB) edge at the T 
point to the lowest lying conduction band (CB1) edge at the Γ point (Figure 4.1(a)). It can 
be observed that CB1 is non-dispersive across momentum space, attributable to the 
localized nature of the unoccupied Fe3+ minority spin t2g states. This behavior leads to a 
near degeneracy in the single-particle energies at the T and Γ points in CB1. In particular, 
the smallest direct band gap energy is ~1.886 eV at the T point, less than 0.01 eV (kBT = 
0.0257 eV at 300 K) difference with the lowest indirect transition. This result suggests that 
LFO should behave as having a direct band gap due to the high inclination for electrons to 
transition directly over indirectly.  
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Figure 4.1. Calculated band structure obtained using the PBEsol functional. (a) 
Electron energy (E) versus momentum (k) displayed along several high symmetry points 
and (b) DOS as a function of energy relative to EF. E vs. k is useful for predicting transition 
energies and character while DOS is useful for predicting absorption peak centers and to 
some extent, absorption coefficients. 
 
A higher energy indirect transition at ~2.909 eV exists between the VB at the T-
point and the upper conduction band (CB2) approximately 1 eV above CB1 at the Γ point. 
The lowest direct transition from VB to CB2 is ~3.143 eV at the T point. The difference 
(0.234 eV) between these two energies is significant that this transition is expected to 
behave as indirect in contrast to the transition from the VB to CB1. This change in 
transition character between CB1 and CB2 can be understood as follows: CB2 is largely 
derived from the minority spin Fe eg states, which owing to their direct angular overlap 
with the O 2p orbitals results in a greater bandwidth, dispersion, and reduced effective mass 
than found in CB1. The majority carrier type can be predicted from band dispersions. In 
this case, Figure 4.1 suggests that LFO is p-type due to the relatively dispersive valence 
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band and hence lower effective mass for holes near the Fermi level118, consistent with 
previous experimental results119. 
Optical absorption peak centers can be predicted using the density of states (DOS), 
suggested by the arrows imposed on the DOS shown in Figure 4.1(b). The absorption 
coefficient is directly related to the density of states by the following equations120,  
I
Wh )(
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
  ,    (eq. 4.1) 
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
hH
h
W cvvc ,   (eq. 4.2) 
where α(ω) is the frequency dependent optical absorption coefficient, h is the reduced 
planks constant, and ω is the incident light frequency. W is Fermi’s golden rule and 
represents the number of transitions per unit volume per unit time, I is the incident 
electromagnetic flux, and Hʹνc is the matrix electromagnetic interaction Hamiltonian which 
couples the valence and conduction bands. ρcν(ħω) is the joint density of states in the 
conduction and valence bands at any given energy separation.  Therefore, it is roughly 
expected that maxima in absorption coefficient for a given transition occur due to 
excitations from a local maxima in the VB DOS to local maxima in the CB DOS. The 
actual maximum in absorption might fall slightly higher than estimated from the peak-to-
peak separation, due to the dependence of absorption on photon energy (ℏω) in accordance 
with eq. 4.1. The energies of these DOS peak centers are highlighted with horizontal dotted 
lines in Figure 4.1(b).  
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Figure 4.2. Calculated absorption spectrum fit using five Gaussian peaks showing good 
agreement. 
 
The calculated absorption spectrum is displayed in Figure 4.2 and has been 
deconvoluted using 5 Gaussian peaks. Table 4.1 lists the full Gaussian peak parameters. 
The sum of these 5 peaks (green dashed line) is plotted on the calculated absorption, 
showing excellent agreement. The transitions centered on 2.52, 3.50, and 3.86 eV can 
primarily be described by transitions from the first VB DOS peak to different CB DOS 
peaks. The relative intensity and area between the peaks at 3.50 eV and 3.86 eV in Figure 
4.2 suggests different transition mechanism considering similar the similar DOS. The 
absence of absorption peaks at 2.8 and 3.3 eV suggests that transitions from the second VB 
DOS maxima to CB DOS maxima are less preferable implying that electrons in the valence 
band rapidly thermalize to states near the Fermi level before transition events. Higher 
energy features, including the peak at 3.86 eV, are more difficult to describe due to 
absorption contributions from multiple transitions. There is also a relatively tall and narrow 
peak in the DOS at ~2.0 eV in the first CB just below the labeled peak at ~2.13 eV. This 
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peak does not manifest as a discernable absorption feature in the theoretical spectrum and 
was not labeled. This weakly absorbing DOS peak is the result of a van Hove singularity 
in the electronic structure and could help explain the presence of the small shoulder off the 
low energy edge of the first major absorption peak also observed in the bulk experimental 
absorption spectrum shown in Chapter II. 
 
Table 4.1. Gaussian curve parameters for the deconvolution shown in Figure 4.2.  
 
 
With the major optical transitions accounted for, Tauc models based on the equation 
α(ℏω)=A(ℏω-EG)m described in Chapter II were applied to the calculated optical absorption 
spectrum from Figure 4.2. For this analysis, a series of Tauc plots of the form (αℏω)1/m vs. 
photon energy are generated for each of the four possible models. An example of all four 
different model fits applied to the first and second transition edges of the theoretical 
absorption spectrum is shown in Figure 4.3. The intercept with the x-axis, from 
extrapolation of the linear portion of the curve is the transition energy for the particular 
model applied. For Tauc analysis of the DFT-calculated absorption data, linear fits were 
extrapolated from the tangent of the approximately linear absorption edge that exhibited 
the greatest rate of increase with photon energy.  
As seen in Figure 4.3, all Tauc models produce linear regions highlighting the 
difficulty for selecting the correct model without prior knowledge of band separations. 
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Since the exact band separations are known from the DOS and E vs. k in Figure 4.1, the 
correlation in this case is relatively straightforward. According to the Tauc analysis, the 
first transition in the theoretical absorption spectrum is best described with the direct-
forbidden model, returning a band gap of ~1.89 ± 0.01 eV, in excellent agreement with the 
calculated band separation known from Figure 4.1 (~1.886 eV). The implication of 
forbidden in this sense refers to the d-d nature of the transition, as Fe 3d states contribute 
to both VB and CB1 as seen in Figure 4.1(a). Typically, these types of transitions are not 
allowed according to Hund's selection rules but the d-p hybridized band complex from the 
strong pdσ-bonding between O 2p and Fe 3d states in the valence and conduction band 
makes d-d like transitions possible. The indirect-allowed model best fits the second 
transition and returns a transition of ~2.96 ± 0.05 eV compared to the value of ~2.91 eV 
obtained from Figure 4.1(a). The indirect nature of this transition is also well described by 
the relatively small green Gaussian peak in Figure 4.2 that represents this transition. This 
second transition, however, was not as trivial to model, owing to the occurrence of multiple 
transitions and their overlap as shown by the Gaussian deconvolution in Figure 4.2 and the 
DOS in Figure 4.1(b). With this in mind it is important to note that the direct-forbidden 
was also a reasonable fit to the second transition returning a transition at ~3.06 ± 0.02 eV 
compared to ~3.14 eV for the smallest direct gap from the valence band to the second 
conduction band (CB2). It is important to note that using the method proposed utilizing the 
tangent of the absorption edge, that the EG obtained from these Tauc models is the highest 
possible for the given transition, i.e. the transition energies can only be estimated to be less 
than what is shown here. Therefore it is not proper to say the error is ± in this case but 
rather just -. This also suggests that the second transition is indirect since the estimated 
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indirect energy is slightly higher than the peak center where as the direct forbidden model 
returns a lower transition energy than band separations from DOS and E vs. k determined. 
Error was estimated by manually drawing two linear regions without the use of the first 
derivative and averaging to obtain approximate variance statistics. 
 
 
Figure 4.3. Tauc plots for the (top) first transition edge and the (bottom) second 
transition edge. The models from left to right are: direct allowed (m = 1/2), direct forbidden 
(m = 3/2), indirect allowed (m = 2), and indirect forbidden (m = 3). The linear fits were 
extrapolated from the tangent of the maximum slope generated from the first derivative as 
shown in Figure 4.2. 
 
One issue that typically arises using Tauc analysis in real materials is deciding 
where to apply the linear extrapolation. Depending on the model selected and the scale 
used it is possible to observe linear regions that will yield the incorrect band gap energy. 
Figure 4.4 shows an example of the first derivative of the direct forbidden Tauc plot shown 
in Figure 4.3. The peak in the first derivative indicates the energy of greatest rate of increase 
in absorption highlighted by the red arrow. The energy of this peak was used as the tangent 
point for linear extrapolation of the absorption edge in the Tauc plot.  This approach was 
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used for all Tauc models. In the case of the higher energy transition, the second and most 
intense peak in the first derivative was used as the tangent point. 
 
 
Figure 4.4. First derivative of the direct forbidden Tauc model applied to the theoretical 
absorption spectrum in Figure 4.2. Arrow shows the highest slope of the absorption edge 
which was used as the tangent for linear extrapolation. 
 
4.2 MBE growth and optical properties of LaFeO3 
To experimentally confirm theoretical results in LaFeO3, epitaxial thin films were 
deposited using molecular beam epitaxy (MBE). In May 2011 an attempt to determine the 
optimal deposition window for LaFeO3 using the specific MBE system, films were 
deposited under various conditions onto “as received” (001) oriented SrTiO3 substrates. 
An elongated out-of-plane lattice parameter was expected for epitaxial films under 
compressive strain as is the case with LaFeO3 (3.931 Å) on SrTiO3 (3.905 Å), 0.7% 
compressive mismatch.  Films with larger lattice constants were considered higher in 
quality due to less strain relaxation, with an expected c-axis of 3.947 Å for LaFeO3 on (001) 
oriented SrTiO3 
51. Figure 4.5 summarizes the diffraction results from this set of LaFeO3 
films.  
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Figure 4.5. Summary of X-ray scattering experimental results for growth window 
experiment. Red numbers indicate the largest lattice constants obtained. 
 
In all cases highly ordered perovskite crystals formed with out-of-plane lattice 
parameters greater than or equal to that of bulk LaFeO3, estimated from XRD. On average, 
crystalline properties improved for films deposited at higher substrate temperature and 
lower O background pressure. Films thicknesses were measured with XRR and had a slight 
dependence on pressure with thicker films being obtained for lower background pressure, 
indicating less source oxidation effect. The crystalline coherence lengths were estimated 
from the FWHM of film (002) diffraction peak and roughly indicated that the atomic planes 
were ordered through the thickness of the films. To assess the growth mode, AFM and 
RHEED, seen in Figure 4.6 provided details about the surface morphology. 
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Figure 4.6. (left) Atomic force microscopy image and (right) RHEED pattern from 
corresponding films after deposition. Same films from Figure 4.5. The roughness obtained 
from AFM is averaged over two or three 2.5 μm x 2.5 μm images and the most 
representative image is shown. It is important to note that roughness obtained from AFM 
was typically higher than that estimated using XRR. It is argued that XRR provides a more 
accurate representation of the sample surface since the spot size of the light used for optical 
characterization is much more comparable to the size of the x-ray beam than the AFM scan 
area. MS11 was measured to have 15% La deficiency and MS14 was 12% La deficient. 
 
Lack of correlation between the surface morphology and growth conditions 
ultimately limited attempts to control growth mode. It was first believed that the use of 
uncharacterized “as received” substrates possibly disrupted layer-by-layer growth 
contributing to surface roughness and leading to non-ideal RHEED patterns. Not until 
January 2015 was it determined that at least two of these films (MS11 and MS14) were 
~15% lanthanum deficient via RBS, likely interfering with layer-by-layer growth. 
Phase purity and strain coherence of LaFeO3 films were analyzed from a 
representative sample deposited at ~750 °C under a background pressure of ~1x10-8 Torr 
O2, not much above the background pressure with deposition sources hot. Synchrotron 
generated X-ray diffraction data can be seen in Figure 4.7 and is representative of a 
coherently strained epitaxial single crystal film showing no sign of secondary phases. The 
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left image of Figure 4.7 is a reciprocal space map (RSM) about the (113) reflection showing 
the near perfect epitaxial relationship between the substrate and film. This relationship is 
represented by the film and substrate having the same qx and qy values (in plane lattice 
parameters) with a reduced qz component, due to the increased out of plane lattice 
parameter. The right image in Figure 4.7 is a wide angle scan showing the (001) and (002) 
reflections. The absence of features besides those from substrate, film, and Laue 
oscillations provided evidence of the single phase nature of this sample. The separation of 
the Laue oscillation fringes is related to film thickness similar to XRR, but rather than 
interference effects between two interfaces, interference originates from finite thickness 
effects of the film’s crystalline structure. Therefore, Laue oscillations are indicative of the 
thickness/size of the crystalline region within the film, and the thickness value obtained 
from XRR should always be larger or equal to the value obtained from XRD assuming 
nearly smooth interfaces. The coherence length obtained from the FWHM of the film 
diffraction peak should yield approximately the same thickness as the Laue oscillations. 
Clearly visible Laue oscillations in both panels of Figure 4.8 further display the high 
crystalline quality of this sample. 
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Figure 4.7. (left) RSM about the film (113) reflection. (right) Wide angle XRD scan 
through the (001) and (002) showing no sign of secondary phases. The red peak in RSM 
corresponds to the high intensity of the substrate peak while the other major feature is the 
diffraction peak from the overlying film.  
 
Although the stoichiometry was not measured for the exact sample in Figure 4.8 
(MS25), RBS was collected for the next film. This film was found to be stoichiometric 
within experimental error and at this point the MBE held much more stable calibrations 
discussed in more detail in Chapter V. Nearly all LaFeO3 films attempted were observed 
to have nearly the expected out-of-plane lattice constant and minimal surface roughness, 
despite having relatively large variation in cation stoichiometry. This made determination 
of material quality very difficult and required the use of multiple characterization 
techniques. 
4.3 Experimental optical absorption of LaFeO3: analysis guided by theory 
Comparison of the theoretical optical absorption spectrum to experimental data from an 
epitaxial LaFeO3 film on SrTiO3 shows a striking resemblance which can be seen in Figure 
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4.8. The largest difference is the obvious energy offset but as mentioned earlier, band gaps 
are often underestimated using standard DFT exchange-correlation functionals116 and leads 
to a red-shift of the absorption spectrum. Therefore, the predicted magnitude of the 
transition energy is not of interest. Instead, the band dispersions and shape of the absorption 
curve are most important, as these features are used to determine the most appropriate 
model for analysis of the experimental data. Using the direct forbidden Tauc model as 
determined above, a band gap energy of 2.34 eV ± 0.04 eV for LaFeO3 on SrTiO3 was 
calculated. The indirect allowed energy of the second transition was determined to be 3.38 
eV ± 0.04 eV for this stoichiometric epitaxial LaFeO3 film on (001) SrTiO3. 
 
 
Figure 4.8. The left panel compares the theoretical absorption of LaFeO3 with that from 
a 34.3 nm LaFeO3 epitaxial film on (001) SrTiO3 plotted on a linear scale. Insets show the 
corresponding Tauc model fits for the film data. The right panel is the same plot but with 
the absorption coefficient on a log sale and a shifted theoretical spectrum added.  
 
For a better comparison of the sub band gap absorption the right panel of Figure 
4.8 shows the absorption spectrum plotted on a semi-log scale with the addition of a 
Photon Energy (eV) 
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spectrally shifted theoretical absorption curve. The original calculated dielectric function 
was blue-shifted by 0.56 eV and then the absorption was calculated to achieve the shifted 
absorption spectrum shown. A shift of 0.56 eV may seem odd since 2.34 eV (experiment) 
– 1.89 eV (theory) ≠ 0.56 eV, but this is a result of applying the shift to the dielectric 
function prior to computing absorption. Shifting the dielectric function first is a more 
realistic scenario and also accounts for the increased absorption between the shifted and 
original theoretical spectra. As a consequence the experimental curve and the shifted 
theoretical curve are in very close agreement. The biggest difference is the relatively high 
sub-gap absorption in the epitaxial film, expected when comparing a real material with 
defects to a theoretical sample of crystalline perfection. Within this sub-gap absorption 
region of the experimental absorption curve, the presence of a small edge is apparent at 
~2.25 eV, just below the fundamental absorption edge. This small edge may be due to 
defects, exitons or Urbach tailing not accounted for in the theoretical model, perhaps 
enhanced by the forbidden nature of the transition. The next difference is the apparent 
splitting of the fundamental absorption peak (~3 eV) in the film compared to the 
calculation. This may be due to a splitting of the t2g minority spin band caused by a slight 
tetragonal distortion induced via epitaxial strain. The remainder of the spectra are very 
similar including the downward curve in absorption at low energies presumably due to 
band tails, a testament to the accuracy of the calculation, quality of the sample, and proper 
data analysis. The similarity can be expressly seen by the nearly identical shape of the 
fundamental absorption edge indicating these curves describe the same band gap nature. 
To definitively confirm the band gap nature and the durability of the theoretical 
analysis, a temperature dependent study was conducted. These experiments can expose the 
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difference between direct and indirect band gaps by analyzing their behavior with 
temperature. Since indirect transitions can involve phonon absorption it was expected that 
indirect transitions should have a stronger temperature dependence than a direct transition. 
Red shifting behavior is expected for all edges with heating due to lattice expansion15 but 
a larger dependence is expected for indirect transitions due to increasing phonon population 
with increasing temperature, increasing the probability of absorption causing an effective 
red shift15. Figure 4.9 shows the absorption coefficient as a function of temperature 
between 24 °C and ~300 °C for a LaFeO3 thin film about 36 nm thick on STO (001). To 
minimize the influence from the substrate, the optical properties of a bare substrate was 
also measured at each temperature to get a more accurate substrate optical model for 
extracting the properties of the heated films. To avoid dynamic effects the films were only 
allowed to stabilize at each temperature for a minute at each temperate before measuring. 
It was observed from the Tauc plots shown in the inset of Figure 4.9 that all transitions red-
shifted. However, the higher energy indirect transition has about twice the dependence on 
temperature (-1.11 meV/K) as the first direct forbidden transition (-0.54 meV/K), in 
agreement with anticipated behavior based on the previous assignment of the direct and 
indirect transition. Temperature also influenced the absorption coefficient of these 
transitions, as seen in Figure 4.9. Similar behavior was observed for films on LSAT with -
1.06 meV/K for the high energy and -0.61 meV/K for the low energy transition, as well as 
decreasing absorption at ~3.1 eV and ~4.5 eV with increasing temperature.  
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Figure 4.9. Temperature dependent absorption of LaFeO3 on LSAT, Insets show the 
direct forbidden and indirect allowed transition energy for the band gap and second 
transition, respectively. 
 
4.4 Atomic structure modification through biaxial strain in LaFeO3 thin films 
4.4.1 Structural and compositional characterization of strained LaFeO3 
Having established the basic optical properties of LFO films grown on SrTiO3, the effect 
of epitaxial strain on the optical properties is next presented. Figure 4.10 shows some basic 
film quality data from a set of films grown in the same run (MS105) on a variety of strain 
inducing substrates. The thickness of these samples was found to have a maximum variance 
of 4% measured with XRR. RBS data for the film on pure SrTiO3 and corresponding 
simulation for a stoichiometric LaFeO3 film on SrTiO3 is displayed in Figure 4.10(c) 
showing very good agreement between the experiment and simulation. Composition was 
confirmed using RBS from two samples grown on SrTiO3, one with niobium dopant, 
mounted as shown schematically in Figure 4.10(d).  The compositions of these films were 
determined to be within 4% of each other confirming a uniform flux across the growth stub 
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within the experimental error; it should be noted that this is approximately equal to the 
error of the RBS measurements. The largest structural difference observed between these 
films is their obvious difference in out-of-plane lattice parameters induced via epitaxial 
strain. With the exception of the film on LaAlO3, the c-axis increased linearly with 
decreasing substrate lattice parameter, as shown in Figure 4.10(a,b), confirming strain was 
induced in the films. Laue oscillations and coherence length estimates confirmed film 
crystallinity through the thickness including the film grown on LaAlO3 despite being at 
least partially relaxed.  
 
 
 
Figure 4.10. Effect of biaxial epitaxial strain on film quality. Films were deposited at 
~605 °C under ~5x10-7 Torr O2. 
 
(d) 
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4.4.2 Electronic structure modification through biaxial epitaxial strain in LaFeO3  
The effects of biaxial strain on the optical absorption of LaFeO3 can be seen in Figure 4.11. 
The most noticeable differences are observed for the films grown on scandate substrates. 
The film on GSO has a noticeable increase of absorption coefficient between about 3.2 eV 
and 3.8 eV and an apparent slight blue shift of the first absorption edge. The film on DSO 
is also accompanied by a blue shifted band gap absorption edge but the remainder of the 
spectra is nearly identical. Both films on scandate substrates have a less apparent 
absorption shoulder off the low energy side of the primary absorption peak highlighted by 
the orange arrow. It was not definitively clear as to why this feature is diminished but the 
origins of this shoulder may possibly arise from a slight compressive strain induced 
tetragonal distortion causing splitting of the t2g electron band.  
 
    
Figure 4.11. Effect of biaxial epitaxial strain on optical absorption in LaFeO3. (a) Shows 
the measured absorption spectra from films on various substrates; (b) shows the direct 
forbidden band gap energy estimated for several samples showing the variance in band gap 
energy between films, with the different symbols indicating a set of samples from the same 
growth. Error bars were generated by extrapolating Tauc models from outlying but 
reasonable locations from the maximum slope estimated with help from the first derivative. 
(a) (b) 
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The bulk absorption data52 shown in Chapter II is more similar to that obtained 
from the films on the scandate substrates with a less visible shoulder on the primary 
absorption edge. This would imply that compressive strain induces a slight tetragonal 
distortion and thus a shoulder emerges from the main absorption edge. The inset of Figure 
4.11(b) shows the direct forbidden band gap energy as a function of strain, revealing small 
optical changes with strain. The purpose of this is to simply highlight the difference 
between effects of biaxial strain, and changes in lattice parameter. Linear shifts of the 
lattice constant are expected to inversely change the band gap energy, i.e. smaller lattice 
parameters lead to wider band gaps as shown in Chapter II. However, the effect of biaxial 
strain is not as straightforward because the lattice volume is maintained and some bond 
lengths increase, while others decrease. The possible tetragonal distortion and direct 
forbidden band gap will be discussed in more detail in the next section of this chapter using 
a theoretical absorption spectrum as a template. 
Temperature dependent measurements also show the gradual removal of the 
absorption shoulder highlighted by the orange arrow in Figure 4.11(a). The spectrum taken 
at ~300 °C is actually quite similar to the room temperature spectrum of LaFeO3 on GSO. 
This result further implies that a compressive strain induced tetragonal distortion (c < a) is 
induced in the LaFeO3 giving rise to a slight splitting of the t2g conduction band leading to 
the observed shoulder which diminishes under tensile strain and heating which seem to 
drive a cubic phase121.   
4.5 Cation vacancies and atomic structure in LaFeO3 on (001) SrTiO3 
The most difficult part of MBE was reliably controlling stoichiometry leading to cation 
vacancies. As mentioned in Chapter II, these cation vacancies are accompanied by either 
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O vacancies or increased B-site cation valence to maintain charge balance within the 
crystal. In the case of cation valence change, a significant change of physical properties is 
usually observed122. Therefore, it was expected that large changes in optical absorption 
would be observed due to changes in defect-induced B-site valence modifications. 
Thin films with over 20% measured A-site cation deficiencies were still found to 
grow epitaxial on SrTiO3 in the perovskite structure with lattice parameters near the 
expected value for stoichiometric and strained LaFeO3. Figure 4.12 compares the X-ray 
diffraction about the film (002) from two as-deposited samples, one with ~22% lanthanum 
vacancies and the other nominally stoichiometric. The major discrepancies between these 
two XRD patterns was due to the thickness difference yielding a broader and less intense 
diffraction peak with farther spaced Laue oscillations for the thinner off-stoichiometric 
film. The presence of Laue oscillations in both patterns and the coherence length being in 
agreement with the film thickness from XRR indicates the high crystalline quality of both 
samples. The slight misalignment of substrate (002) peak was likely due to a slight tilt of 
the film’s c-axis relative to the c-axis of the substrate causing a slight shift in 2θ once the 
XRD was aligned to the film diffraction peak; similar behavior was reported in EuFeO3 
films.123 Nearly all other aspects of the diffraction patterns were identical for the two films 
which is quite remarkable considering such a high level of cation deficiency. The similar 
nature of the diffraction patterns, despite having significantly different measured cation 
vacancy concentrations, made determination of thin film stoichiometry very difficult based 
on diffraction data alone unless the film was Fe deficient.  
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Figure 4.12. Effect of La vacancies on XRD showing similar diffraction patterns 
between the LFO samples.  
 
The effect of Fe vacancies on LaFeO3 crystal properties was much more measurable 
and can be seen in the XRD data shown in Figure 4.13. As Fe vacancy concentration 
increases the c-axis tends to expand linearly as seen on the right of Figure 4.13. The cause 
of this expansion is unknown and not previously reported, but made for easy 
characterization of Fe vacancies, using the equation; 𝑐 =  0.177𝑥 + 3.947, where x is the 
fractional Fe vacancy concentration. The presence of Laue oscillations and coherence 
lengths comparable to the XRR film thickness, confirmed good crystallization in these 
films regardless of cation vacancies. The reduced intensity of the 13% iron deficient sample 
(blue line) is likely due to a lower quality substrate and/or slight misalignment with the x-
ray beam judged by the reduced substrate diffraction peak intensity. Both iron deficient 
films are, thinner than the stoichiometric film, which also contributes to reduced film 
diffraction peak intensity and increased broadness, the same as for Figure 4.12 with the La 
deficient film also being relatively thinner.  
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Figure 4.13. Effect of iron deficiency according to XRD in LaFeO3. Right panel shows 
a linear relationship between iron vacancy concentration and the c-axis lattice parameter, 
estimated from the diffraction peak center. Equation of best fit is c-axis = 0.177x + 3.947, 
where x is the concentration of Fe vacancies. 
 
Approximately 75% of the RBS measured LaFeO3 films obtained less than the 
target relative amount of La. This result may indicate a preference for La vacancy 
formation and/or that some growths were conducted in an adsorption controlled regime,124 
significantly complicating the calibration of elemental source flux. Although adsorption 
controlled growth is preferred, if the source flux was calibrated for non-adsorption 
controlled growth then desorption of the adsorption controlled species would lead to off-
stoichiometry. Attempts to correct would then lead to similar results or over shooting the 
correction. 
Films grown on LaAlO3, LSAT, and RScO3 (scandate) substrates, where R is a rare 
earth element, typically yielded lower lanthanum concentrations as measured by RBS 
despite similar compositions obtained from films on other substrates grown in the same 
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run. This discrepancy may have been the result of several effects such as, a thermal gradient 
across the growth stub, compositional flux gradients, sticking coefficient inequalities, and 
error in the RBS data and analysis.  Thermal gradients were unlikely and were measured 
to be up to ~70 °C when growing at nominally ~800 °C, with the differential became 
smaller at lower temperatures. Although significant, this thermal gradient did not generally 
lead to compositional differences. As observed in the results from Figure 4.5 and Figure 
4.6, intentional variation of substrate temperature of ~100 °C showed minimal influence 
on the achieved stoichiometry. Deposition source flux gradients were determined to be 
uniform from a deposition run with two SrTiO3 substrates mounted at opposite corners of 
the growth stub which yielded nearly identical film stoichiometry and film thicknesses. 
This result also further proved that the thermal gradient across the substrate growth stub 
likely had a small effect on the measured stoichiometry. The difference in sticking 
coefficient between various substrates may have been significant but should have become 
comparable after a few monolayers of material were deposited. Error in the RBS analysis 
contributed to observed variations in measured film composition but could not explain the 
observed difference in film thickness.  
A likely source for the compositional discrepancy is various sources of error. Some 
of the substrates used in this thesis contained relatively heavy elements like dysprosium, 
lanthanum, and gadolinium which imparted spectral features in the RBS data that 
overlapped all of the peaks from the film, possibly leading to excessive error as described 
in Chapter III. Films on MgO and SrTiO3 typically yielded similar film compositions to 
each other as measured from RBS. The agreement between measured film composition on 
MgO and SrTiO3 substrates was likely due to the relatively light elements in these 
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substrates leading to less spectral overlap and lower error in the RBS data. It was for this 
reason that films on MgO and SrTiO3 were considered as composition references which 
assumed a film was stoichiometric unless the RBS data from films on MgO and/or SrTiO3 
indicated off-stoichiometry. RBS was performed primarily on films deposited onto SrTiO3 
as this substrate demonstrated reliability for measuring composition and was also closely 
lattice matched to the materials deposited in this thesis. The resultant films on SrTiO3 could 
then be used for subsequent experimentation with known stoichiometry.  
4.5.1 Cation vacancies and optical absorption in epitaxial LaFeO3 
The optical absorption was found to be a sensitive probe for possible cation off-
stoichiometry. The major differences in optical absorption as a function of cation 
stoichiometry can be seen in Figure 4.14 for a series of as-deposited films. The most 
definitive changes in optical properties with cation stoichiometry were changes in the 
relative absorption coefficient. Stoichiometric films and films containing lanthanum 
vacancies had nearly the same absorption coefficients for band-to-band transition peaks 
while films with less iron tended to have lower absorption coefficients across the entire 
spectrum. Since the electrons that are involved with optical absorption in LaFeO3, 
especially those in the conduction band are derived from iron states, fewer iron atoms in 
the crystal lattice contributed to a reduced density of electronic states leading to an 
observed decrease in absorption coefficient. Missing lanthanum atoms did not influence 
the electron density much near the Fermi level and therefore minimal changes in absorption 
coefficient were observed with lanthanum vacancy concentration. 
The first absorption feature centered at ~3.2 eV increases almost linearly with 
decreasing La concentration until the stoichiometric phase is reached at which point the 
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increase in absorption coefficient increases less rapidly with increasing La vacancy 
concentration. The second major feature centered on ~4.5 eV has piece-wise behavior with 
cation vacancy concentration. All films that are measured to be La deficient or 
stoichiometric have nearly the same absorption at around 4.5 eV but films with iron 
deficiencies have a reduced absorption by ~15% regardless of vacancy concentration.  
From this it was determined that iron deficiencies clearly induce a measurable change in 
the optical absorption spectrum allowing for optical detection of iron vacancies.  
 
 
Figure 4.14. (a) Optical absorption for as-deposited LaFeO3 films with varied cation 
stoichiometry. (b) Log optical absorption coefficient highlights sub band gap behavior. The 
black curves labeled LaFeO3 are MS105 and the magenta curves are MS26. 
 
The optical absorption for films with varying degrees of cation off-stoichiometry is 
shown in Figure 4.14. Figure 4.14(b) shows the same curves in Figure 4.14(a) but the 
absorption coefficient is plotted on a log scale to better compare absorption coefficients 
below the band gap energy. On average, films with La vacancies have increased sub-gap 
absorption coefficients. Absorption in the sub-gap region is mostly due to excitonic effects, 
band tails and crystal defects11,15 or perhaps from changes of cation valence as seen in 
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LaMnO3.
68 This result implies that a defect band is induced by La vacancies or La-O defect 
clusters somewhere within the band gap, most likely below the Fermi level, contributing 
to the observed broad sub-gap absorption.  If the defect band was above EF then absorption 
might be limited by the reduced density of state (DOS) in the valence band (VB) 
proportional to the La vacancy concentration causing reduced absorption. In the case where 
the defect band is an acceptor state above EF it may seem odd that the sub gap absorption 
coefficient increases with La vacancy concentration while having reduced VB DOS due to 
removal of charge compensation oxygen anions, but this can be explained several ways. 
First, there is a relative increase in Fe DOS with the removal of La, which implies that the 
decrease in the VB DOS has a small effect on the absorption coefficient compared to the 
increase in relative CB DOS. Also, the removal of oxygen DOS due to O vacancies might 
not occur near the Fermi level. It is also possible that the strong d-d character of the 
transition is not strongly influenced by the O DOS in the VB or that the electrons quickly 
find their way to the VB maximum before transition events limiting the effect of VB DOS 
on the absorption coefficient. Otherwise, reduced band-to-band peak absorption would be 
expected for La vacancies, resulting from a reduced oxygen DOS near the Fermi level, 
caused by charge compensating oxygen vacancy formation which also lead to the observed 
insulating behavior in La deficient LFO. Without being able to prove many of these, it is 
impossible to further confirm if the La defect band is below or above the Fermi level.  
Absorption below the band gap due to Fe vacancies roughly followed the same 
trend as the rest of the absorption spectrum, displaying reduced absorption with increasing 
iron vacancy concentration as seen in Figure 4.14. This is caused by a reduction in the DOS 
of the iron eg and t2g minority spin conduction bands which provide fewer states for donor 
113 
 
electrons to transition into upon excessive Fe vacancy concentration. However, the 
stoichiometric phase can still have a lower sub-gap absorption than Fe deficient LFO in 
some cases, likely due to minimized defect states as observed in Figure 4.14. 
Unfortunately, a lack of Fe deficient samples, and limitations in precisely measuring 
composition (~5% error) did not allow for precise determination of when, or even if, a 
crossover from increasing to decreasing sub band gap absorption exists. The sample MS26 
was actually measured to have a 2% iron deficiency compared to a 4% La deficiency for 
the MS105 sample. This would confirm the previous assessment, but the error in RBS is 
too high to definitively confirm if these films are indeed the exact stoichiometry as 
measured and for that reason both are considered to be nominally LaFeO3.  
Once a defect band is induced, increasing the DOS of this band should 
proportionally increase the broad band absorption coefficient associated with the defect. In 
the case of iron vacancy formation in LFO, increase in DOS of the defect band is balanced 
by reduced DOS in the conduction band. Eventually the diminishing DOS of the condition 
band becomes more significant and leads to the observed reduction of absorption 
coefficient across the full spectrum. 
The dependence of Fe defects on sub gap absorption strongly suggests that the 
defect band induced by Fe vacancies is of donor character as depicted schematically in the 
far right panel of Figure 4.15. If the iron vacancy formed an acceptor state above EF, then 
the total DOS above EF would remain nearly constant since there is also a reduction of 
DOS in the CB due to reduced DOS from Fe derived eg and t2g monitory spin conduction 
bands. This would lead to approximately no net change in in the band-to-band absorption 
coefficient, neglecting effects from the valence band DOS. This is because the loss in 
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absorption due to diminished iron t2g conduction states over laps with the increasing defect 
absorption, maintaining a similar net absorption coefficient near the band-to-band 
absorption peak. If the defect band is below EF, the defect absorption processes would now 
require the iron t2g or eg conduction band states for transitions to occur. When the 
conduction band DOS becomes significantly reduced, defect absorption will inevitably 
decrease even with increasing defect concentration. This can be attributed to the presence 
of fewer available conduction states for impurity donated electrons impurities to transition 
into.  Regardless to the exact cause, this sub band gap absorption was still useful for 
observing the presence of La and Fe vacancies in LFO.  
As mentioned earlier, the effects from changes in the VB DOS were able to be 
ignored here. This would be the case if electrons always transition from the VB maximum 
rather than from a deeper state in the VB. This limits the influence of the VB DOS, since 
the majority of electrons transition from a single state. Otherwise, the VB DOS would 
decrease upon Fe or La defect concentration caused by a reduction of DOS due to O which 
forms charge compensating vacancies and contributes to the observed insulating behavior 
in cation defective LFO. However, the effect from oxygen vacancies is relatively 
insignificant compared to the effect of the iron states indicating that electrons in the valance 
band are drawn to the valence band maximum before transitioning into the conduction 
band. This is also experimentally verified later, as indicated by the comparable absorption 
coefficients and spectrum shape between divalent A-site substituted La1-xSrxFeO3-δ which 
induces oxygen vacancies for charge balance without cation vacancies. 
Figure 4.14 (a) and (b) also compares the absorption spectra from two nearly 
stoichiometric LaFeO3 films, MS26 is the magenta curve (La1.0±0.7%Fe0.98±3%O3-δ, t ~ 
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49nm), and MS105 is the black curve (La0.96±1.0%Fe1.00±3.5%O3-δ, t ~ 34nm), in addition to 
the other off stoichiometric samples. These films were chosen specifically due to their 
relatively large difference in absorption spectra while being similar in stoichiometry to 
highlight the possible variance between different LaFeO3 films.  Using what was learned 
from the influence of cation vacancies on the optical absorption spectrum in LaFeO3, 
insight can be provided about the discrepancy between the two absorption spectra based 
on slight differences in stoichiometry. Starting with the major band-to-band absorption 
feature around 4.5 eV, both stoichiometric films are very similar and near the maximum. 
Therefore, both films are determined to have very small amounts of iron vacancies, if any. 
From the analysis of the first band-to-band transition at ~3.2 eV, relative absorption 
coefficients determined that both MS105 (black curve) and MS26 (magenta curve) were 
compositionally between the stoichiometry of the measured iron and lanthanum deficient 
films, but perhaps MS26 has more defects than MS105. 
Analysis of the sub band gap region for the nearly stoichiometric LaFeO3 films was 
more complex. Based strictly on the magnitude of the absorption coefficient below the 
band gap energy, it could be estimated that the black curve (MS105) was iron deficient 
compared to the magenta curve (MS26), or the green curve (MS141) representing a ~9% 
iron deficient sample. However, since sub gap absorption is directly related to crystal 
defects11,125 it is possible that MS105 has fewer defects than MS26 leading to lower sub 
gap absorption. It was also determined that if the absorption of the second transition is high 
then the sample is most likely not iron deficient.  The differences may also be attributed to 
local variation of surface roughness or film thickness; however, MS141, MS105, and MS26 
116 
 
were all measured to be ~1nm rough and the thicknesses were fixed in the VASE analysis 
based on the value obtained from XRR. 
 
 
Figure 4.15. Schematic representation of DOS modification through cation vacancies in 
LaFeO3. The left image is the case for La vacancy where the green bars represent possible 
defect band locations that would contribute to broad band sub gap absorption. The center 
image is the stoichiometric phase, and the right panel represents the Fe deficient scenario. 
 
The results of cation vacancies on electronic band structure are summarized 
schematically in Figure 4.15. For the case of La deficiency the two green lines in the 
diagram near the Fermi level (EF) represent possible defect band positions due to 
lanthanum vacancies causing broad sub band gap absorption. The location of this La defect 
band is most likely below the Fermi level, but this has not been fully confirmed, therefore 
both possible locations have been shown. In both the lanthanum and iron deficient cases, 
there is a reduction of DOS in the O 2p valence band due to charge compensating O 
vacancy formation. The iron deficient case has less iron DOS in the conduction band than 
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the stoichiometric and La deficient systems, leading to the observed reduction in absorption 
coefficient. Therefore, assuming no change of structure lanthanum deficient films are 
expected to exhibit increased sub gap absorption proportional to the vacancy concentration 
and may also exhibit slightly increased absorption in the transition regions. Iron deficiency 
leads to reduced absorption, especially in the high energy transition around 4.5 eV. The 
sub gap absorption in iron deficient crystals may initially increase for low iron vacancy 
concentrations but eventually drops due to diminishing conduction band DOS. Using these 
guide lines it should be possible to roughly determine the cation vacancy chemistry and 
concentration in LaFeO3 using an optical absorption spectrum alone.  
4.5.2 Effect of ozone annealing on cation vacancies 
Up until now it has been assumed that O vacancies accompany cation vacancies in a ratio 
that maintains a constant valence of +3 for both iron and lanthanum. This was thought to 
be the most likely case due to the high stability of the Fe+3 cation, and the chamber pressure 
utilized for growth (PO2 ≤ 1x10-6 Torr). As mentioned, the B-site cation valence must 
increase in the event of cation vacancy formation in the absence of O vacancy formation 
to allow for charge compensation. In the case of LaFeO3 the first option is for the iron 
valence to increase since the lanthanum electron states are much more stable. Further 
oxidation of iron to Fe+4 was expected to reduce the lattice parameter due to a smaller 
electron cloud and thus size compared to the Fe+3 ion, similar to the behavior observed in 
La1-xSrxFeO3-δ.
126 It was also expected that Fe+4 would induce a mid-gap electronic state 
with a density that should be proportional to the concentration of Fe+4 in the sample. This 
is similar to how cation vacancies behave in LMO68. In an attempt to drive O into cation 
deficient materials, select samples were annealed in ~750 Torr flowing (~1.0 L/min) O2 at 
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650 °C for 3 hours followed by one hour in flowing (~1.0 L/min) oxygen/ozone (95/5) at 
~200 °C. The changes in X-ray diffraction, shown in Figure 4.16 are relatively small even 
for the highly defective (~22% La vacancy) sample. A slight lattice expansion is observed, 
the opposite of what was expected indicating that Fe (IV) formation did not occur despite 
strongly oxidizing annealing conditions. Laue oscillations and coherence length confirm 
the maintained crystalline nature between both films. The reduced intensity of both film 
and substrate peak for the annealed film can be attributed to slight misalignment and/or 
structural defects induced into the substrate through ozone/oxygen annealing which then 
transfer into the overlying epitaxial film causing reduced intensity. 
 
 
Figure 4.16. Effect of oxygen/ozone annealing on c-axis parameter of a 22% La deficient 
film on STO (001). 
 
These results suggest that cation valence was maintained, and the optical properties 
of cation deficient LFO were also relatively invariant with ozone/oxygen annealing. The 
most noticeable result was formation of a stronger trending behavior between La vacancy 
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concentration and sub band gap absorption coefficient highlighted in Figure 4.17 which 
shows the absorption coefficient at 2.0 eV as a function of measured La:Fe ratio. After the 
anneal it is clear that the highly La deficient sample has increased broad band absorption 
due to defects. Annealing the less La deficient sample had the opposite effect with a 
reduction of sub gap absorption. Both of the annealed La deficient samples also displayed 
reduced absorption in the high energy transition centered on ~4.5 eV. This could be due to 
reduction of La DOS in the conduction band which could cause reduced absorption in the 
high energy absorption peak if the tails of the lanthanum absorption peaks at higher energy 
are significantly influenced. In either case the high energy absorption does not fall below 
that of the iron deficient sample before or after annealing. Over-all, the iron deficient 
samples were virtually unaffected by oxidizing anneals. 
 
   
Figure 4.17.  Optical absorption after two step annealing at 650 °C in flowing O2 for 
three hours followed by one hour at ~200 °C in a flowing 5% mixture of ozone in O2. 
 
The optical absorption did not change much after annealing indicating that the iron 
valence did not increase. This also indicates that O vacancies must still exist and are very 
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robust. This result might make these cation deficient materials interesting for fuel cell 
cathode materials or some other areas where O diffusivity and a very strong resistance to 
oxidation and reduction is desired. Before now significant uncertainty existed regarding 
the use of Tauc analysis to determine electronic transition energies in perovskite oxides. 
The complexities arise due to the inherent electronic complexities in these materials. 
Complications can result from competing absorption processes due to the presence of 
multiple bands and other effects related to hybridization of the metal and O orbitals that 
form the valence and conduction bands. This can cause ambiguity regarding which Tauc 
model is the most applicable, and in the extracted electronic properties. 
 
 
Figure 4.18. Sub band gap absorption taken at 2.0 eV as a function of cation for LaFeO3 
before (red circles) and after (black squares) ozone/oxygen annealing. 
 
4.6 LaFeO3 Summary 
Prior to this thesis, significant uncertainty existed regarding the use of Tauc analysis 
to determine electronic transition energies in perovskite oxides. Difficulties arise due to the 
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inherent electronic complexities in these materials resulting from strong electron-electron 
interactions. Complications can also result from competing absorption processes due to the 
presence of multiple bands and hybridization effects between the transition metal and 
oxygen orbitals. This causes ambiguity regarding which Tauc model is the most 
appropriate, and therefore leads to error in the extracted band gap. 
This chapter can be summarized as a utilization of LaFeO3 (LFO) as a model system 
to thoroughly characterize its optical absorption properties. This was a worthwhile exercise 
and yielded measurable effects on optical absorption in LFO as a function of strain, cation 
defects, and temperature. Combined theory and experiment led to identifying the correct 
Tauc model to extract an accurate band gap for LFO.  Applying a Tauc model that describes 
a direct forbidden transition yields a band gap of ~2.34 eV for epitaxial LFO. We find that 
with increasing temperature the band gap and higher energy transitions redshift as expected 
due to lattice expansion15.  Biaxial epitaxial strain is found to slightly reduce the band gap 
of LFO, with a stronger reduction in gap for tensile strain, consistent with theoretical 
predictions on STO.127 La vacancies tend to increase sub gap absorption in LFO while Fe 
vacancies tend to reduce the total absorption across the spectrum scanned. Change 
compensating oxygen vacancies have a small effect on the optical absorption properties in 
cation deficient LFO. 
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Chapter V: Heterovalent A-site Substitution: Lanthanum Strontium Ferrite 
Lanthanum strontium ferrite (La1-xSrxFeO3-δ, LSFO) is a solid solution between LaFeO3 
(described in Chapter IV) and SrFeO3 (SFO).  SrFeO3 is a metallic conducting and 
antiferromagnetic cubic perovskite (113) oxide with a Néel temperature of ~134 K and a 
bulk lattice parameter of ~3.85 Å45,128. This lattice parameter is smaller than LaFeO3 due 
to the smaller size of the Fe+4 ion compared to the Fe+3. Stoichiometric SrFeO3 is not 
thermodynamically stable at ambient conditions and as a result, O vacancies form to 
balance charge from the reduction of Fe+4 to Fe+345,122,128–133. The fully O deficient SrFeO2.5 
material, consisting of all Fe+3, yields a Brownmillerite (225) structure134,36,45 and is 
insulating. The most oxidized stable phase in bulk, formed by slow cooling under one 
atmosphere of air (0.21 atm, O2) is SrFeO2.84 which has an average iron valence of 3.68 
accompanied by a tetragonal distortion of the cubic perovskite structure45,122. Higher 
oxidation can be achieved at one atmosphere using pure O2 up to about SrFeO2.91 driving 
the structure to cubic, with higher oxidation states requiring higher oxygen pressure or 
ozone134,122. Several other stable phases exist including Sr4(1)Fe4(1)O11(2.75) and 
Sr8(1)Fe8(1)O23(2.875) each with unique electronic structure and ordering transitions having an 
average iron valence of Fe+3.5 and Fe+3.75, respectively
131. This complex nature of the 
strontium ferrite phase owing to the instability of Fe+4 leads to highly interesting properties 
when alloying with lanthanum ferrite. La1/3Sr2/3FeO3 shows a significantly enhanced 
electronic phase transition temperature and magnitude of the change in resistance, when 
compared to the SrFeO3 compound with equivalent average iron valence
47,131,135. While 
SrFeO3 and LaFeO3 have been previously studied in bulk, the optical properties of the 
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LSFO system had yet to be investigated prior to this thesis, leading to open questions 
regarding how the band structure and optical properties evolve with Sr alloying. 
This chapter discusses: 
 MBE synthesis of La1-xSrxFeO3-δ epitaxial thin films through a wide range of x, 
and attempts to correlate atomic structure to growth conditions, stoichiometry, and 
strain; 
 Changes in the optical properties of La1-xSrxFeO3-δ under the same variables and 
various post-growth annealing conditions to control the oxidation state. 
5.1 MBE growth: composition and atomic structure of epitaxial La1-xSrxFeO3-δ 
LSFO samples were deposited at a variety of Sr compositions (x) onto many different 
strain-inducing substrates. It was immediately noticed that the as-deposited LSFO films 
resembled pure LaFeO3 in terms of visible appearance and c-axis lattice parameter even 
with relatively high substitutions of Sr for La. Figure 5.1 shows the XRD for an LFO film 
compared with an as-deposited and post-growth oxygen annealed (ex situ) LSFO film.  It 
can be seen that the as-grown LSFO film had a similar lattice constant to that of pure LFO 
indicating the presence of O vacancies. Since SFO perovskite is significantly smaller 
(~3.85 Å) than LFO perovskite (~3.93 Å) it was expected that the lattice should shrink by 
a significant amount when substituting Sr for La. The expanded c-axis parameter indicated 
that the LSFO was not fully oxidized for the as-grown LSFO films, and annealing in ~ 1 
L/min flowing O2  at 650 °C for ~4 hours yielded the annealed XRD pattern shown in 
Figure 5.1. In Figure 5.1, a clear reduction of the c-axis parameter of an x = 0.36 film is 
visible following the oxygen anneal. Even films containing less than ~5% Sr required ex 
situ annealing to achieve full oxidation. 
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Figure 5.1. XRD for a La0.60Sr0.36FeO3-δ film on a STO substrate before and after ex situ 
annealing in oxygen.  
 
From Figure 5.1 and XRD measurements of similar samples, it is clear that oxidized 
LSFO where x ~ 0.3 has a similar c-axis lattice constant to the (001) SrTiO3 substrate, 
supported by the overlapping diffraction peaks. For such films, accurately fitting Gaussians 
to the film peak (shoulders off of the substrate peak) proved challenging, making precise 
lattice parameter determination difficult. Diffraction simulations were carried out using 
GenX software to aid in this regard and examples from various LSFO films on (001) 
SrTiO3 can be seen in Figure 5.2. These simulations provide evidence that the oxygen 
annealed films are of high crystalline quality showing good agreement between the defect 
free simulation and experimental data, indicating that the films are fully coherent (single 
crystal) out-of-the-plane. The largest discrepancy is in the STO (002) substrate peaks, 
which are significantly broader for the experimental data indicating a relatively low quality 
substrate crystal. Simple Gaussian analysis returned very similar values for lattice constant 
estimation and coherence length, as long as the film peak maximum was observed.  
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Figure 5.2. GenX XRD simulations for various compositons of oxidized LSFO thin 
films. Estimated Sr composition (x) and simulated c-axis are displayed in each panel. The 
film name,  RBS measured composition, and c-axis from gaussian fitting for each sample 
is as follows: (a) MS25, ~LaFeO3, 3.95 Å, (b) MS56, La0.17Sr0.83FeO3, 3.936 Å, (c) MS57, 
La0.25Sr0.74FeO3, 3.913 Å, (d) MS52, La0.60Sr0.36FeO3, 3.896 Å. 
 
Films deposited between January and July of 2012 were assumed stoichiometric 
based on a calibration sample and XRD data, without the use of RBS for each deposition 
run. In July 2012 it was noticed that some films were no longer stoichiometric based on 
XRD and subsequent RBS results. Because of this, most LSFO deposition after January 
2013 was conducted in molecular O at ~1 x 10-6 Torr or less to minimize source oxidation, 
and promote stable deposition rates. Over one year after deposition, the films from Figure 
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5.2(b-d), deposited between January and March of 2012 were directly confirmed to be 
approximately cation stoichiometric from RBS. This validates the assumed composition 
for other films grown before this time period, including the LaFeO3
 sample (MS25) 
mentioned in Chapter IV and indicates an age induced instability with the MBE system 
leading to cation off-stoichiometry.  
5.1.1 Atomic structure of epitaxial La1-xSrxFeO3 on (001) SrTiO3 and LSAT 
Cation defect behavior in LSFO was assumed to mimic that of LFO, with limited influence 
due to A-site deficiency, and Fe vacancies remaining somewhat more influential as 
described in the previous chapter. Therefore, samples measured to be greater than ~5% 
cation off-stoichiometric were seldom characterized beyond RBS. However, a detailed 
study of cation defect behavior in SFO and LSFO would likely yield interesting results 
owing to the complex ordering behavior with O stoichiometry in SFO45,128,130,131,133.  
Systematic substitution of Sr for La is expected to yield a linear change in lattice 
parameter based on Vegard’s law for bulk solid solution systems126,136. The effect of 
epitaxial strain is also anticipated to be linearly proportional to the lattice mismatch 
assuming coherent strain. Therefore, the relationship between composition and lattice 
constant should be linear with A-site composition in epitaxial LSFO, providing a 
convenient rough estimate of composition and oxidation state assuming no cation 
vacancies. Figure 5.3(a) shows the XRD data normalized about the STO (002) reflection, 
for a multitude of oxidized LSFO samples. It is clear from the insets of Figure 5.3(a) that 
the expected linear change in lattice parameter with cation substitution is observed, roughly 
indicating film stoichiometry, and in agreement with previous reports51,137,134. For the films 
shown in Figure 5.3, the coherence length from the FWHM of the film (002) peak and Laue 
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oscillation fringe spacing are consistent with a high quality single phase material with 
coherent epitaxial strain. 
 
Figure 5.3. XRD for LSFO films on (a) (001)-oriented STO and (b) (001)-oriented 
LSAT after post-growth annealing in oxidizing environment. Green points in the inset of 
(a) are from previous reports.51,137,134 
 
As was observed for LaFeO3, strain was found to have a minimalimpact on the 
structural properties of LSFO outside of the expected c-axis expansion or contraction 
expected by the induced strain. Figure 5.3(b) shows the raw XRD data for a series of LSFO 
films deposited on LSAT (001)-oriented subtrates showing the same linear trend with Sr 
substitution. The exception is a slightly larger c-axis for the x = 0.05 film, which can be 
explained by a slight (measured ~3%) Fe deficiency in that sample or slight strain 
relaxation in the pure LFO sample. Relaxation in LFO is less likely due to the consistency 
(at least 5 samples) in the c-axis lattice constant (~3.987 Å, +/- 0.002 Å) for LFO on LSAT, 
which was the same for films of 40 or 100 unit cells, indicating no strain relaxation effects. 
Film thickness and roughness from XRR, Laue oscillations, and coherence length estimates 
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confirm the films to be smooth and single phase. It may be noticed that the diffraction from 
the LSAT substrates in Figure 5.3(b) show a much sharper and more intense diffraction 
peak indicating the LSAT substrates are of higher crystalline quality than the STO. It is 
also interesting to note that the XRD data on LSAT is not normalized or shifted yet the 
substrate peak location and intensity are nearly identical indicating more consistent 
crystalline properties for LSAT compared to STO.  This usually led to superior crystalline 
properties for films on LSAT, indicating the strong epitaxial relationship achieved between 
the film and susbtrate using MBE. LaAlO3 substrates were also frequently used but the 
crystalline quality and surface roughness of these substrates were much less consistent 
mainly due to heavy twinning. LaAlO3 (a = 3.795 Å) is also highly lattice mismatched with 
LFO and Brownmillerite SFO (~3.6%) therefore, lower quality films usually resulted when 
depositing on LAO. This information may be useful when attempting to compare ultrathin 
films or for structural/defect dependent studies. 
5.1.2 Methods for estimating composition other than RBS 
Due to the large number of samples required for a thorough study of this material system 
as a function of A-site substitution, RBS for every sample was prohibitive and other more 
accessible methods were also attempted to obtain this vital information. XPS was useful in 
this regard to some extent and was readily available in the CRF at Drexel. The advantage 
of XPS over RBS is surface sensitivity, precise depth profiling abilities, and rapid access, 
while also being able to determine valance state and detect impurities. However, as 
mentioned in Chapter III, XPS was quite challenging due to complications from argon ion 
sputtering for removal of surface contamination and especially for depth profiling. 
Representative XPS data can be seen in Figure 5.4 for various sputtering conditions. For 
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un-sputtered samples, XPS data would normally return highly Fe deficient and Sr rich 
surfaces perhaps skewed by the C contamination layer on the surface. Light sputtering at 
the lowest power for one minute removed most of this carbon layer and returned a much 
more reasonable composition that was within 25% of that estimated using RBS. Further 
sputtering for up to 5 minutes at the same power did not alter the XPS spectrum much and 
a small C contamination peak was persistent. Sputtering at the next power level (1 kV, 1 
μA) for 60 seconds removed all traces of C but at the expense of Fe reduction observed by 
the presence of characteristic Fe metal peaks, as shown in the inset of Figure 5.4(c). The 
composition as a result of Fe valence reduction seemed to increase proportionally to the 
amount of Fe measured by XPS. The final sputtering step which yielded a spectrum 
containing traces of the MgO substrate, returned the most Fe rich composition. On average, 
the composition measured by XPS depth profiling was off by about 15% from RBS. 
Between depth profile measurements, the composition was found to vary up to ~50%.   Due 
to the complications in the data analysis and the requirement of sputtering to yield 
reasonable composition values, XPS and UPS data was mostly ignored and composition 
from RBS was assumed to be accurate.  
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Figure 5.4. XPS data from a La0.19Sr0.81Fe0.99O3-δ film (composition determined by 
RBS) showing the effect of sputtering and compositional variance through the depth. 
Before sputtering (a) XPS yielded La0.06Sr0.94Fe0.24O3-δ. After 5 minutes 500 V and 1 μA 
sputter (b) XPS returned La0.14Sr0.86Fe0.76O3-δ. (c) Two minutes sputtering at 1 kV and 1 
μA gives La0.15Sr0.85Fe0.83O3-δ. (d) XPS returned La0.21Sr0.69FeO3-δ after sputtering to the 
substrate after 10 minutes at 2 kV and 2 μA. 
 
The composition of Sr rich films could also be qualitatively gauged using RHEED. 
Strontium vacancies had a relatively apparent influence on the observed RHEED pattern. 
Figure 5.5 shows the RHEED pattern evolution for a SrFeO3-δ thin film on SrTiO3 (001) 
substrate. The RHEED pattern for the as-received SrTiO3 substrate can be seen in Figure 
5.5(a) and indicates the basic pattern expected for a (001)-oriented perovskite surface. The 
(b) 
(d) (c) 
(a) 
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rods, highlighted by the orange ellipses in Fig. 5.5(a), provide the first clue to off 
stoichiometry based on their disappearance. Even after one unit cell these rods had 
noticeably reduced intensity [Figure 5.5(b)]. After 12 unit cells, these rods became nearly 
obscured, and the appearance of spots, highlighted with the blue circles in Figure 5.5(d), 
became visible after 15 total unit cells.  After 18 unit cells [Fig. 5.5(e)], these spots became 
brighter and the growth was paused. After pausing, the strontium shutter was opened for 
10 second which caused the spots to fade, and the circled rods from Figure 5.5(a) became 
more intense. This indicated that the growth was initially Fe excessive and eventually the 
growth was finally resumed with a reduced Fe shutter time. After correcting the flux, the 
RHEED pattern remained nearly consistent through the remainder of the growth. The 
appearance of RHEED oscillations midway through, shown in Figure 3.2 indicates that the 
deposition conditions produced layer-by-layer growth once the correct relative flux was 
achieved. Figure 5.5(i) shows the RHEED pattern at the end of the growth after in situ 
annealing at 650 °C under growth pressure for 10 minutes. The similarity of the RHEED 
patterns before and after growth is indicative of good epitaxy, and in this case composition 
recovery. 
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Figure 5.5. RHEED evolution for an initially Sr deficient SrFeO3 film deposited at 575 
°C and 1 x 10-6 Torr O2. The deposition rate was 1 unit cell every ~30 seconds with the 
shutters open. Panel (a) shows a bare SrTiO3 substrate brought to growth conditions. Panels 
(b)-(e) are after deposition of 1, 12, 15, and 18 unit cell cycles of strontium deficient 
SrFeO3, respectively. (f) Is after pausing growth at 18 cycles and manually adding 10 
seconds of Sr. (g) After 10 additional seconds of Sr. (h) After 7 additional unit cells using 
corrected shutter times. Panel (i) is after the growth ended for a total of 120 unit cells and 
after heating in situ at 650 °C at the same pressure for 10 minutes. RBS results measured 
from this film showed nearly perfect SrFeO3-δ composition. 
 
5.2 Optical properties and electronic structure of thin epitaxial LSFO films 
Determined from the previous sections, there is clearly a strong influence between O 
stoichiometry and the observed c-axis lattice parameter in LSFO. Generally, a change in 
lattice parameter will alter the band structure by at least a ridged shift of the bands, directly 
proportional to the change in lattice parameter15. In the case of LSFO, the change of lattice 
with O content results from the change in Fe valence from Fe+3 into Fe+4. This causes a 
partial depopulation of the Fe eg majority spin valence band as shown schematically in 
Figure 5.6. Basic semiconductor physics would expect that depopulation of the valence 
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band would rapidly induce metallic behavior by introducing a partly filled band of holes. 
However, strong electron-electron interactions in the eg majority spin band produces a 
profound effect on the electronic structure evolution under hole doping. It is observed that 
LSFO remains semiconducting up to at least 90% Sr substitution both in epitaxial films59 
and bulk single crystals58. It is obvious from combined photoemission and x-ray absorption 
studies54, that the introduction of holes into the valence band induces a split off conduction 
band state within the gap of LaFeO3, derived from eg majority spin states. These effects are 
absent from compound semiconductors; the effect of non-ridged band structure evolution 
on the optical properties has not been well studied in complex oxides materials. 
 
  
Figure 5.6. (a) Schematic electron diagram for LSFO and (b) experimental DOS 
measured by XPS/XAS at various substitutions54. The light gray electron in (a) indicates 
the changing electron count with Sr substitution. 
 
5.2.1 Band structure modification through Sr substitution in as-grown LSFO 
As mentioned earlier, ex situ annealing was required to further oxidize LSFO after 
deposition. As-deposited films were found to be highly resistive and visibly similar to LFO 
3 
a) b) 
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with a yellow to slightly orange appearance in certain cases, even for LSFO samples with 
high levels of Sr and deposited using ozone assist. Figure 5.7 shows the optical absorption 
spectra for several as-deposited LSFO films showing the very similar absorption spectra to 
pure LFO. The major differences in spectra are the apparent red shift of the fundamental 
absorption edge, and the appearance of an absorption peak for films on LSAT within in the 
dip that normally appears for pure LFO around 3.6 eV. This behavior was not expected and 
the films were assumed to be O deficient. The reduced state of the as-grown films made 
correlating changes in the observed absorption spectra to band structure difficult, thus the 
data from as-grown films was not thoroughly analyzed. It was observed, however, that 
large compressive strain did have an interesting effect on the optical properties of Sr 
substituted materials.  
 
 
 
Figure 5.7. Optical absorption for as-grown LSFO films on (a) SrTiO3 and (b) LSAT. 
LSFO films are ~50 nm, LFO is ~35 nm. 
 
(a) 
(b) 
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The major difference in absorption of the as-grown films with different strain states 
was the presence of an absorption peak centered on ~3.6 eV and reduced absorption around 
4.2 eV for the films on LSAT relative to STO as seen in Figure 5.7. The absorption for 
films on LaAlO3 were more similar to those on LSAT, with the occurrence of an absorption 
peak around 3.6 eV. This implies a compressive strain induced absorption change, or 
perhaps an interfacial state induced using dissimilar chemistry substrates. It can also be 
estimated that all of the as-grown LSFO samples were similarly oxidized above a nominal 
Fe+3 valence, confirmed by a reduced c-axis observed from the XRD in Figure 5.1. These 
absorption curves also imply that the O density of states have little to do with limitation of 
the absorption process. This considers that, as-grown LSFO with more Sr should 
effectively be more O deficient and have reduced O DOS, yet the samples with Sr shown 
in Figure 5.7 actually have higher absorption at the band edge compared to LFO, which 
from Chapter IV is known to be mostly due to Fe t2g conduction band states. This result 
easily warrants further study with a wide array of strain inducing substrates, if possible 
with different chemistries, for O deficient LSFO. 
The effect of oxygen annealing is evident in Figure 5.8(a), which shows a ~50 nm 
LSFO film on STO substrate before and after annealing. The introduction of a new state 
labeled “C” becomes clearly visible in the optical absorption spectrum after annealing, 
despite deposition using an ozone assist. This indicates further oxidation of Fe by the filling 
of O vacancies. This new absorption feature “C” results from the redistribution of 
electronic states from the valence band to a new state above the Fermi level, shown 
schematically in Figures 5.8(b-c). The presence of the new conduction band state has also 
been shown directly using X-ray spectroscopies46,57,138. The oxidation process is kinetically 
136 
 
limited at room temperature and the oxidation achieved using various anneals in 
oxygen/ozone was significantly higher than what was achievable in air. To accurately 
compare the differences induced by Sr substitution into LaFeO3 full oxidation is required 
for each composition. To ensure this, all films were subjected to the post-growth anneal 
and all further results shown in this chapter come from oxidization films. 
 
Figure 5.8. (a) Optical absorption before and after annealing LSFO compared with 
LFO. (b) The schmematic band diagam for as-grown LSFO compared with the (c) oxidized 
LSFO band diagram. 
 
5.2.2 Cation substitution and optical absorption in oxidized epitaxial LSFO 
In stark contrast to cation vacancy behavior, aliovalent cation substitution had a major 
impact on the electronic structure of LSFO. Figure 5.9 shows the optical absorption for a 
series of oxidized LSFO films on STO and LSAT. The differences between the different 
strain states are relatively insignificant except for the 5% Sr substituted sample on LSAT 
which has a slightly larger difference from LFO than the STO counterparts, perhaps due to 
comparatively large strain. This would also help explain the observed differences in 
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absorption for as-grown films on different substrates shown in Figure 5.9, and the absence 
of these differences between pure LFO on STO and LSAT implies a strontium and strain 
induced interfacial phenomenon.  
 
 
Figure 5.9. Optical absorption for the full compositional range of LSFO on STO (a) and 
LSAT (b).  
 
It is clear from Figure 5.9 that the Sr substitution gradually introduces a low energy 
absorption band labeled “C” in Figure 5.8(a). The absorption coefficient of transition “C”, 
like all transitions is proportional to the DOS involved in the transition. In the case of 
LSFO, the DOS of transition “C” is proportional to the x, giving rise to the linear 
relationship shown in Figure 5.10(a). Absorption above 4 eV, labeled transition “B” in 
Figure 5.8, is reduced until x ~ 0.5 above which it becomes approximately invariant. 
Transition “A” is redshifted and effectively merges with “B” at x ≥ ~0.55. Tracking the 
direct forbidden energy of transition “A” with Sr content can be seen in Figure 5.10(b). A 
systematic linear trend is observed until x ~ 0.35, at which point the transition energy 
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plateaus with a ~1.2 eV separation between the valence band and the minority spin iron t2g 
states above the Fermi level. The energy of this transition is therefore effectively useful for 
determining the strontium content in oxidized LSFO films where x < ~0.35. The apparent 
plateau of the direct forbidden energy for transition “A” assumes that the model for 
absorption does not change with Sr substitution. Tracking changes in the absorption 
coefficient at 1.25 eV was an effective probe for determining Sr content across all 
concentrations as seen by the linear relationship in Figure 5.10(a), with the exception of 
pure SFO. The equation for the line of best fit is; 𝛼 = 2.62 × 105(𝑥) + 4500, with the 
intercept of 4500 fixed as a rough average from several LFO films. The transition “A” 
energy are also an effective probe for oxidation state in O deficient LSFO, as shown in Fig. 
5.10(b).  
 
Figure 5.10. (a) The absorption coefficient at 1.25 eV as a function of Sr content. (b) 
Tracking of direct forbidden transition energy for transition “A” in LSFO. Red lines are 
linear fits of the regions spanned. The equation of the best fit line in (a) is 𝛼 = 2.62 ×
105(𝑥) + 4500. 
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The discrepancy in the systematic behavior for the SrFeO3 sample could have 
several origins. The most likely is the difference in electronic ground state for SrFeO3 
compared to LSFO. SrFeO3 is metallic, while LSFO (x < 0.95) exhibits polaronic insulating 
transport at room temperature59. A second origin of the deviation could be a lack of full 
oxidation following annealing. It is also possible that the fully oxidized phase is highly 
unstable in thin epitaxial films and reduces at the surface before measurement, or finally 
the fully oxidized phase of SFO may have a reduced ultraviolet absorption coefficient due 
to a restructuring of the total DOS. Very slow cooling in ozone or high pressure oxygen 
annealing followed by immediate characterization may help to achieve a more systematic 
result. In either case, the visible band edge and peak are still slightly red shifted, continuing 
the trends for LSFO with x > ~0.55. Unfortunately, the spectra shown in Figure 5.9 do not 
provide access to absorption below 1.2 eV, the energy range needed to estimate the band 
gap of these materials.  
 
 
 x = 0.0     x = 0.05      x = 0.17     x = 0.25    x = 0.36    x = 0.76    x = 0.82    x = 1.0 
Figure 5.11. Photograph of oxidized LSFO samples of similar thickness (~40 nm) on 
LSAT substrates.  
 
Changes in the band structure of LSFO due to Sr substitution are clearly visible by 
the naked eye, providing an indicator of approximate film stoichiometry by simply 
observing samples before and after oxidation. Figure 5.11 shows a photograph of several 
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oxidized LSFO samples, all with the same approximate thickness, arranged in order of 
increasing Sr content. It can be seen that there is an obvious darkening of the film with the 
addition of Sr. This is due to the low energy absorption band “C” (Figure 5.8) causing 
photons of lower energy visible wavelengths to be absorbed more strongly leading to a 
darker appearance. Another visible attribute, mostly obscured by the overall darkening, is 
the gradual change in color from yellow to red with increased Sr substitution. This is due 
to the red shift of transition “A”, similar to the behavior observed for compound 
semiconductor alloys like InxGa1-xAs
139. High levels of Sr also induces a visible luster to 
the material surface characterized by an increase in the visible reflectivity as shown in 
Figure 5.12, due to thermally activated carriers.  
 
 
Figure 5.12. Reflectivity of LSFO on SrTiO3 calculated from VASE measurements. 
Reflectivity of 1.0 indicates perfect reflection. 
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5.2.3 Optically estimating dynamic Fe valence and O stoichiometry in LSFO 
In a similar way to probing the relative Sr content, the optical absorption coefficient and 
transition “A” energy were also useful to determine the relative oxidation state in LSFO. 
Figure 5.13(b) shows the room temperature optical absorption for a ~35 nm La20Sr0.76FeO3-
δ epitaxial film on LSAT (001) substrate at various oxidation states. The ozone oxidized 
film was placed on a hot plate at 300 °C in air for various periods of time to allow the 
escape of O from the film59. Upon heating in air, the film lost O tracked by a logarithmic 
drop in absorption with heating time as shown in Figure 5.13(a), among other systematic 
changes. Based on the total drop in absorption a dramatic reduction in iron valence to a 
nearly Fe+3, was observed. From these results the Fe+4 oxidization state seems to be 
destabilized by epitaxial strain or chemical interfacial effects.  This behavior was observed 
similarly for highly Sr substituted LSFO and SFO epitaxial films. Higher oxidation states 
could be achieved by annealing in air if the films were rapidly cooled from T > 450 °C. 
This dramatic iron valence reduction upon equilibration is in glaring contrast to the 
behavior of bulk SFO. In bulk, SFO maintains an average iron valance between  Fe+3.56 and 
Fe+3.68 upon equilibrating in air at T > 500 °C and then slowly cooling122,130,131,. This 
apparent Fe+4 destabilization may be related to the difficulty in fully oxidizing cation 
stoichiometric SrFeO3-δ thin epitaxial films
134. 
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Figure 5.13. (a) Evolution in room temperature optical absorption due to changes in iron 
valence, induced by O vacancy formation. Panel (b) shows the absorption vs heating time 
profile with corresponding logarithmic fit and equation parameters. (c) Shows the direct 
forbidden transition energy as a function of simulated iron valence obtained from the 
absorption coefficient at 1.25 eV. Reduction took place on a ~35 nm oxidized La20-
Sr0.76FeO3-δ epitaxial film on LSAT (001) by hot plate annealing in air at 300 °C. 
 
RBS, XRD and electrical resistivity data correlated well with previous experiments 
and the changes in observed optical absorption, indicating that optical absorption is an 
effective probe for Sr content in LSFO. Oxidation state can also be estimated using the 
relationship described by Figure 5.10(a). By first analyzing the absorption of the fully 
oxidized film, the Fe valence and Sr content can be estimated. If RBS data is available then 
the Sr content can be assumed to be known and the absorption coefficient can be predicted 
based on Figure 5.10(a). If the absorption coefficient at 1.25 eV is significantly larger than 
expected (this was never observed), this could indicate several issues, from RBS errors to 
inhomogeneity. If the absorption coefficient at 1.25 eV is less than expected, then the 
sample is likely O deficient and the oxidation state can be estimated using the line in Figure 
a) b) 
c) 
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5.10(a). Further reduction or oxidation can be roughly tracked by comparing the absorption 
at 1.25 eV to the relationship in Figure 5.10(a).  
 
Figure 5.14. (a-c) Compare of various oxidized La1-xSrxFeO3 films on LSAT to an O 
deficient La0.20Sr0.76FeO3-δ film on LSAT at different oxidation states induced through 
annealing the oxidized sample on a hot plate in air. The red line in panel (d) shows the best 
fit relationship between the direct forbidden energy of transition “A” and the simulated Fe 
valence from a La20Sr0.76FeO3-δ film at various O concentrations.  The iron valance in this 
case was estimated from the optical absorption at 1.25 eV as described by the linear fit in 
Figure 5.11(a). Green points in panel (d) are the same as those in Figure 5.11(b) for varied 
x in La1-xSrxFeO3. The blue line in panel (d) is the best fit from of the absorption coefficient 
at 1.25 eV vs. Sr content Figure 5.11(a). 
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The comparison of the absorption spectra for several substitutions of LSFO films 
with a single LSFO film with x ~0.76 at various oxidation states is displayed in Figure 
5.14(a-c). The graphs are overlaid such that they have the most similar simulated Fe 
valence and absorption coefficient at 1.25 eV from the spectra available. Figure 5.14(d) 
summarizes the results from Figure 5.10. Figure 5.14(a-c) shows the full range of 
predictable optical properties for the points of interest chosen, in this case absorption at 
1.25 eV and direct forbidden energy of transition “A”. Using Figure 5.14(d) it can be seen 
that through O vacancy engineering, it is possible to make an O deficient LSFO sample 
with an equivalent absorption at 1.25 eV with a different direct forbidden transition “A” 
energy, or vice versa.  
5.2.4 Oxidation modification through biaxial epitaxial strain in LSFO 
Perhaps the largest effect of epitaxial strain on LSFO is the apparent influence on oxidation. 
It was noted earlier that the most stable phase of bulk SrFeO3-δ is δ = 0.16. This phase was 
obtained by slow cooling SFO in air122, equilibrating the material. This implies that the Fe 
valence of 3.68 is stable in air in SFO. Therefore, it would be expected that similar 
oxidation should be maintained for thin films, however this is not the case. As shown in 
Figure 5.14(d) the average iron valence for a ~35 nm La20Sr0.76FeO3-δ film on LSAT is 
reduced to ~3.1 from ~3.8 based on optical absorption at 1.25 eV by annealing the oxidized 
sample in air at 300°C for less than 2 hours. Similar behavior was also observed for SFO 
on STO with nearly no absorption at 1.25 eV after air annealing SFO in air at 275 °C for 
16 hours after mild oxidation in flowing oxygen at 600 °C for 2 hours. Both of these results 
suggest a strong destabilization of the Fe+4 state in epitaxial LSFO films. Interestingly, it 
was observed that heating to higher temperatures up to 500 °C in air and cooling rapidly 
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would lead to higher absorption at 1.25 eV for SFO. This behavior is the opposite of 
expected but similar results were realized for LaNiO3 thin films
140,141.This behavior 
suggests a complex competition between O in the film an O in the substrate. It should be 
noted that recent DFT studies have shown a strong dependence on O vacancy formation 
energy and epitaxial strain142–144. Growing on a non-oxide or heavily lattice mismatched 
substrate may help provide insight into this effect. 
In summary, LSFO is found to be O deficient in the as-deposited state despite the 
use of ozone assist during deposition. Highly O deficient as-grown LSFO yields a similar 
out-of-plane lattice parameter and optical absorption properties to that of pure LFO. Ex situ 
oxygen anneals induce a new absorption transition “C” as a result of a redistribution of eg 
majority spin states from below to above the Fermi level. The absorption coefficient of this 
transition is directly proportional to the oxidation state and is limited by the Sr content. The 
amount of Fe+4 in the sample is found to be linearly proportional to the absorption 
coefficient at 1.25 eV. Transition “A” is found to systematically red shift with increasing 
Fe valance to about Fe+3.5 where the transition energy becomes independent of Fe valance, 
assuming the transition character remains constant. For different O stoichiometry’s in 
LSFO the transition “A” absorption edge linearly shifts directly proportional to the Fe 
valance. This effectively allows the use of optical spectroscopy to estimate Fe valence in 
LSFO. Control of the Fe valance can be readily achieved through annealing in 
oxygen/ozone and air. Through oxidation control it is possible to create O deficient LSFO 
materials with similar absorption at 1.25 eV to oxidized LSFO, but with different transition 
energies.  
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Chapter VI: B-site cation Substitution: Lanthanum Manganate Ferrite 
Lanthanum manganate (La3/(3+δ) Mn3/(3+δ)O3, LaMnO3+δ, LMO) is an orthorhombic (Pbmn) 
perovskite oxide with a pseudocubic lattice parameter of ~3.94 Å, similar to LaFeO3
121. 
The O stoichiometric phase is an A-type antiferromagnetic145,146 Mott insulator 12,13,147 with 
a Néel temperature of 140 K and an indirect band gap of ~1.1 eV 39,69. Manganese is in the 
d4 high spin (t2g
3 eg
1) electron configuration and is insulating due to strong electron 
correlation and Jahn-Teller splitting39,121. Based on the denotation for excess O it should 
be noted that O interstitials are not possible in the perovskite structure and the actual 
expression for the composition should be “La3/(3+δ) Mn3/(3+δ)O3”145 since the excessive O 
manifests as cation vacancy formation in the LMO structure68,73,145,146,148. To balance 
charge of the increased O-2, the multivalent Mn ion gradually increases in valence from 
Mn+3 to Mn+4/+3, forming the pyrochlore phase when δ ~ 0.5 68,71,145. Oxygen non-
stoichiometry in LMO is essentially the opposite behavior of SrFeO3-δ. In the case of LMO 
in an air environment, there is a strong propensity for cation vacancy (pyrochlore) 
formation. Mn+4 readily occurs in a mixed Mn+4/+3 environment due to the relative 
instability of the lone eg electron in the valence shell of the Mn
+3 ion. This often causes 
over oxidation of the Mn ion in LMO, even under vacuum deposition conditions68,67. The 
presence of Mn+4 is readily detectable through magnetic, electrical, structural and optical 
properties leading to simple determination of approximate material stoichiometry and 
oxidation state, based on physical properties68,67,71,73,145,149. From previous experiments it 
is evident that the primary absorption edge of LaMnO3+δ blue shifts with increasing Mn
+3 
concentration68 with a new lower energy absorption peak being present for increasing 
levels of δ.  This is quite different behavior than what was observed for LaFeO3 epitaxial 
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films, which displayed very little change in physical properties with varied cation 
stoichiometry, likely due to the relative stability of the filled Fe eg majority spin valence 
band. Due to the rich electronic, magnetic, oxidation, and band gap characteristics of LMO, 
alloying LMO with LFO is expected yield interesting results. 
6.1 Challenges involving MBE stabilization of epitaxial LaMnO3+δ 
Before attempting alloy deposition, pure LMO was first deposited. Due to the very similar 
atomic numbers of Mn and Fe, their chemical resolution using RBS is difficult. This is 
illustrated in Figure 6.1, where Mn and Fe overlap to form a single peak. Therefore, 
composition analysis via RBS was mainly useful to measure A-site to B-site cation 
stoichiometry in LMFO. The Mn and Fe peak could be modeled to analyze the Mn and Fe 
concentrations with some accuracy but the error in these values were larger than A-site to 
B-site cation ratios and the Mn to Fe ratio had a stronger dependence on the adjustment of 
instrumental parameters. To reliably determine the proper Mn to Fe flux ratios, pure 
LaMnO3 first had to be synthesized. 
 
 
Figure 6.1. RBS plot of a LMFO sample showing the overlapping nature of the Fe and 
Mn peaks. 
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 Many previous studies on LaMnO3+δ in bulk and thin film have reported excessive 
O in the structure in the as-synthesized state68,67,73,150. Excessive O arising from Mn+4 
formation is clearly tracked via several material properties including a reduction of c-axis 
parameter, narrowing of the band gap, reduced resistivity, and strong magnetic 
ordering68,67,71,73,145,149, and can be seen for many techniques in Figure 6.2.68 Another 
problem arising from the deposition of LMO films is the tendency for cation off-
stoichiometry, even when using cation stoichiometric targets as in PLD73,151. This cation 
off-stoichiometry is compensated by Mn+4 leading to the observed features due to Mn+4 
ions, such as reduced c-axis parameter67,152. The over oxidation readily achieved in LMO, 
suggests that MBE might be the ideal deposition method due to the possible ultra-high 
vacuum (P < 1 x 10-9 Torr) conditions, and control of background oxidizing (reducing) gas. 
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Figure 6.2. Signatures of Mn+4 shown by many characterization methods. XRD is 
shown in (a) and (b). M vs. T and M vs. H are shown in (c) and the inset, respectively. (d) 
Shows the optical conductivity and electrical resistivity inset. Red curves are for films with 
minimal Mn+4. The black curves are for films containing significant Mn+4 content. Data 
from reference.68 
 
Previous reports on LMO films show an increase in lattice parameter (c-axis) with 
cation vacancy filling (excess O removal)67,152,153 but no definitive stoichiometric lattice 
parameter has ever been determined for epitaxial LMO on any substrate. The general trends 
in magnetization, resistivity, and band gap, all still apply and all previous studies involving 
LMO on STO show that if the c-axis lattice parameter was less than ~3.95 Å, then the 
material did not display the same properties expected from the bulk stoichiometric phase. 
Therefore, if the c-axis is measured to be smaller than ~3.95 Å while being on (001) STO, 
then the film is most likely cation defective, over oxidized or not strained to the substrate 
and thus the expected material was not achieved. Reciprocal space mapping can easily 
(d) 
(c) 
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confirm strain coherence, leaving Mn+4 formation to account for lattice parameter 
contractions. With known strain coherence and cation stoichiometry, final source of lattice 
parameter contraction in LMO is over oxidation of the stoichiometric material, which 
should lead to equal concentrations of La and Mn defects.151 
 Regardless of the actual composition, most of the previously presented diffraction 
patterns for LMO films do not represent high quality materials, with unusually broad and 
weak diffraction peaks, often without the presence of Laue oscillations. According to XRD 
data by Chio et al.68, their as-deposited LMO film was among the highest structural quality, 
observed to have Laue oscillations in the as-grown (but over oxidized) phase, and post-
growth reduction, diminished the Laue oscillations and possibly induced phase separation, 
indicating diminished crystal and/or film quality after ex situ annealing. This demonstrates 
that perfect reduction from the over oxidized LMO state is exceedingly difficult and 
highlights the importance for forming the proper stoichiometry in situ if possible.  
Thin films of LaMnO3+δ were deposited via MBE onto various strain-inducing 
substrates with very inconsistent outcomes. Relatively low background pressure (1 x 10-6 
- 5 x 10-7 Torr) of molecular O was utilized for the deposition of all LaMnO3+δ films to 
avoid formation of Mn+4 while also reducing oxidation of the source material surface, 
providing more stable atomic flux. In some cases, post-growth annealing was conducted in 
situ under UHV conditions after closing the O dosing valve in an attempt to fully reduce 
the Mn+4 oxidation state and remove all native cation vacancies in the LMO films.   
The vast majority of LMO films deposited yielded strange XRD patterns similar to 
the one shown in Figure 6.3 for an RBS measured La0.93MnO3+δ film. The (004) is shown 
in this case to highlight the lack of separation between the film diffraction feature and the 
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substrate diffraction peak. The small peak to the right of the substrate peak became visible 
only after aligning omega to the film diffraction feature. It origin is unknown although it 
does not confirm anything desirable about the film. This data is indicative of a distribution 
in lattice parameter from ~3.905 Å up to ~4.0 Å in some cases, judged by the onset of the 
broad diffraction feature at 2θ ~ 45° about the (002) reflection (Cu Kα). This distribution 
in lattice parameter is most likely the result of Mn+4, strain relaxation, or phase separation. 
 
 
Figure 6.3. Frequently observed XRD pattern about the (004) peak showing anomalous 
behavior for LMO films on STO. 
 
 Besides the strange structural characteristics frequently observed when trying to 
deposit LMO via MBE, in general, deposition involving Mn was comparatively difficult 
and highly anomalous. The Mn ion was apparently volatile in some cases, observed by 
composition variations in excess of 50% between runs, much more so than LFO and even 
LSFO. Attempts to deposit LMO would sometimes yield extremely non-uniform coverage 
across the various substrates as shown for two instances in Figure 6.4. Annealing these 
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non-uniform films in air at 773 K did not show any obvious changes in the material 
homogeneity, indicating non-uniform Mn coverage. Lanthanum coverage was estimated to 
be approximately uniform based on the results from LFO and LSFO deposition, and since 
the transparent regions were determined to have a film overlying the substrate, from 
spectroscopic ellipsometry measurements.  
 
Figure 6.4. Non-uniform Mn coverage observed after MBE deposition at 5 x 10-7 Torr 
O2 of RBS confirmed La0.9MnO3 films on STO. Films in (a) were deposited at ~600 °C 
and (b) at ~680 °C. 
 
The arrangement of the substrates shown in Figure 6.4 are the same relative position 
as in the MBE chamber, indicating no consistent spatial coverage effects. It is apparent 
from Figure 6.4 that MgO substrates may have an aversion to Mn due to the lack of visibly 
absorbing films in either case but this was assumed to be a coincidence as MgO was able 
to have optically absorbing ~LMO deposited onto it in other deposition runs. It is possible 
that the MgO substrate is also stabilizing a transparent phase of LMO, as these exact films 
were never analyzed for chemistry or structure. Similar results were also obtained when 
depositing the simple binary manganese oxides (MnOx) which formed two different phases 
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across two different STO substrates in the same run, judged by their very distinct 
orange/brown or green colors. Upon annealing in air, both films became the same 
orange/brown color implying that the conditions in the MBE used for this MnOx deposition 
were bordering a phase formation boundary, apparently influenced by the manganese flux. 
Interestingly, the coverage of manganese oxides was uniform across the individual 
substrates indicating that La somehow further complicates homogeneous Mn 
incorporation. The heterogeneous films shown in Figure 6.4 were also deposited while the 
Fe deposition source was hot as to provide similar growth chamber environments for the 
deposition of LMFO, which is the target compound of interest.  It also occurred that the Fe 
source may somehow be interfering with the Mn deposition as well, since heterogeneous 
Mn deposition was never observed unless the Fe source was also hot. 
Although it seemed that non-uniform Mn incorporation may have been dependent 
on other elemental sources, this was likely a coincidence. The most likely cause of 
heterogeneous Mn incorporation results from non-uniform Mn flux. Non-uniform flux 
could be caused from non-idealities occurring within the deposition source. Non idealities 
such as elemental source surface oxidation can cause reduced flux, and regions of the 
source material can oxidize differently leading to heterogeneous flux. Source oxidation can 
also lead to the closure of the source crucible opening as depicted in Figure 6.5, which not 
only reduces the atomic flux but can also disrupt formation of a uniform molecular beam 
impinging on the desired substrates. Source oxidation may seem like the obvious reason 
behind the inhomogeneity observed in Figure 6.4, but those films were deposited days after 
removing the oxide build up on the Mn source crucible, adding more Mn material, and 
taking the photograph in Figure 6.5. However, flux inhomogeneity can also result from the 
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pure source material within the crucible itself. Upon introduction of new source material, 
some material will sit atop other material. If the new material is has a relatively small 
contact area with the crucible walls and is sporadically disbursed through the crucible, then 
the source material towards the top of the crucible can become relatively cold and act to 
block the flux from lower lying material, possibly leading to reduced and non-uniform flux. 
Hot-lip effusion cells, in which a second heating filament around the upper portion of the 
crucible, may limit the oxide deposition around the crucible opening and also preventing 
source material towards the top of the crucible from blocking the impinging elemental flux. 
 
 
Figure 6.5. Manganese source oxidation build up, likely causing non-uniform Mn flux. 
 
6.2 Epitaxial LaMnO3+δ thin films 
After many attempts, high crystalline quality and cation stoichiometric LaMnO3+δ was 
deposited, exhibiting very similar physical characteristics to bulk LaMnO3. Figure 6.6 
shows the RBS and XRD for the same LMO film (MS192). RBS data confirms nearly ideal 
stoichiometry between La and Mn cations. The c-axis lattice parameter of this film is 
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exceptionally large compared to previous reports of LMO on STO68,67,73 and considering 
only ~0.8% lattice mismatch. However, according to the previous assessment, a larger 
lattice constant generally means less Mn+4 concentration145. Therefore, the LMO material 
in Figure 6.6 is expected to have very few cation vacancies, perhaps even having O 
vacancies driven by the formation of Mn+2 or Brownmillerite type defects. The coherence 
of this film length is >90% of the film thickness with clearly visible Laue oscillations 
indicative of high crystalline quality within this sample, especially relative to most 
previously reported LaMnO3+δ thin films. 
 
 
Figure 6.6. RBS and XRD for the same LMO sample on STO (001)-oriented substrate. 
This film was deposited at ~750 °C in ~1 x 10-6 Torr in molecular O and was annealed in 
situ for ~10 minuites at ~750 °C after deposition with the O2 leak valve closed and a 
background pressure of ~5 x 10-8 Torr. 
 
Regardless of the relatively expanded c-axis, the physical properties of this 
LaMnO3 film were very similar to those derived from LaMnO3 single crystals. The 
magnetization versus temperature is shown in Figure 6.7 for the same LMO sample 
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(MS192) as in Figure 6.6 and confirms the bulk like nature of this LMO film. Very small 
magnetic moment below ~140 K is due to spin canting of the antiferromagnetic phase and 
has been well documented for LaMnO3
154
. Electrical resistivity was not precisely measured 
for this sample but the relative resistance was significantly higher than most other deposited 
LMO films with smaller lattice parameters. This was based on simple 2 point resistance 
using a Fluke multi-meter but further indicated high quality LMO.  
The optical absorption properties of this LMO sample (MS192), shown in Figure 
6.8, were very similar to those reported for single crystals (Figure 2 in Ref [140] shows the 
optical conductivity of LMO)155. This absorption is very similar to other reports of LMO 
films and bulk optical properties69.  
 
 
Figure 6.7. Magnetization versus temperature measured using a magnetic field (H) of 
0.15 T applied in-the-plane, from the same LaMnO3 on STO sample in Figure 6.6 (MS192). 
  
The experimental optical absorption spectrum for LMO is shown in Figure 6.8 for 
the same thin film as in Figure 6.6 and 6.7. Studies using theory to simulate optical 
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properties do exist for LMO39, but without analysis of the simulated absorption data to 
determine the most applicable Tauc model. Therefore, Tauc analysis for LMO was 
conducted using a broad approach. Although it is most likely that LMO has in indirect band 
gap based on band structure calculations39,156 direct gaps were measured for the sake of 
completeness. The direct allowed transition estimated a band gap energy of ~1.6 eV. Linear 
extrapolation of the absorption edge from the raw optical absorption data yielded an 
estimated band gap of ~1.2 eV, about 0.1 eV greater than previous results using the same 
method52. This discrepancy could be due to the fitting method; here I used the first 
derivative as a guide for linear extrapolation of the absorption edge for all Tauc models 
including the raw absorption data. Using the approximate peak in the first derivative as the 
central point of the linear extrapolation (same approach in Chapter IV for theoretical 
spectrum of LFO) tends to provide the maximum to estimate band gap energy for that 
particular model utilized, hence a slightly larger gap was estimated here. Regardless of this 
discrepancy, band gap estimation using extrapolation of the absorption edge from the raw 
absorption data assumes a pseudo-direct band gap and always returns band gap estimates 
between the direct allowed and the direct forbidden Tauc model. Based on band structure 
calculations39,156 this is most likely inaccurate. However, the direct forbidden model 
yielded the closest band gap energy to previous reports at ~1.13 eV. The indirect allowed 
Tauc model is the most likely candidate based on previous experiments and calculations 
and is shown in Figure 6.8(b). The band gap energy using this model was found to be ~0.96 
eV and is not far off from the estimates made by Arima et al.52. The indirect forbidden 
Tauc model yielded a band gap of ~0.5 eV, smaller than most previous reports, but wider 
than reports by Loshkareva et al.69 who acknowledge the indirect nature of the LMO band 
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gap. The indirect forbidden model should be strongly considered for LMO based on the 
known d-d or “Mott” character of the band gap, and from recent results for LFO157.  
 
 
Figure 6.8. (a) Optical absorption for LMO on (001)-oriented STO. (b) Indirect allowed 
Tauc analysis returns a band gap energy of ~0.96 eV. 
 
6.3 Structural properties of LaMnxFe1-xO3+δ thin films 
Due to the similar ionic radius, electronegativity and valence state of the Mn and 
Fe ions in the perovskite structure it is expected that 100% solid solution solubility should 
be observed between LMO and LFO. However, deposition of LaMnxFe1-xO3+δ (LMFO) 
alloys proved quite challenging. The first alloys synthesized were intended to have half of 
the B-sites filled with Fe and the other half with Mn. The RBS measured cation 
stoichiometry was nearly that of the targeted composition. The XRD however, returned 
nearly the same lattice constant as expected for bulk material on both STO (3.922 Å) and 
LSAT (3.928 Å) substrates, grown in the same run. This result was likely caused by strain 
relaxation in the film although it is odd that such thin films (~33 nm) would completely 
relax under such a small relative lattice mismatch (~0.6%).  Other B-site substituted LMFO 
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films with x ~ 0.5 exhibited significantly larger lattice constants for films on LSAT than 
STO, as expected for strained films. These films, however, were measured to have ~13% 
La vacancy concentration.  Therefore, data was not thoroughly collected or analyzed for 
these samples. Representative XRD data for some LMFO films on STO can be seen in 
Figure 6.9. 
 
 
Figure 6.9. Representative XRD for LMFO films. The black curve is for a 50% Mn 
substituted LMFO sample showing possible strain relaxation or Mn+4 contamination. The 
red curve represents a sample with 25% Mn substitution. 
  
6.4 Optical properties and electronic structure of LaMnxFe1-xO3+δ alloys 
As with SFO-LFO alloys, substituting Mn into the host LFO material dopes holes 
into the system by effectively removing an electron from the filled eg valence band of pure 
LFO. But in the case of LaMnxFe1-xO3 (LMFO) this electron is not being removed from the 
Fe states but rather not being incorporated into the lattice through the Mn states as shown 
by the basic electron models for LFO and LMO in Figure 6.10. This has implications 
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beyond the simple hole doping effect in Sr substituted LFO by also changing the 
conducting pathways within the material, potentially leading to unexpected results.  
 
 
Figure 6.10. Basic ionic electron models for (a) LFO and (b) LMO. 
 
 The effect of Mn substitution on the optical absorption properties of LMFO can be 
seen in Figure 6.11. It is clear from this data that Mn substitution does not induce the 
formation of a distinctly new absorption band as in LSFO. This behavior was somewhat 
expected based on the results of Xu et al.158 who showed that the absorption characteristic 
of BiMnxFe1-xO3 are approximately derived from a linear combination of optical absorption 
from the parent BiFeO3 and BiMnO3 materials, however the results from Xu et al. do not 
fully agree with the results shown here. The band gap for the LMO film (SGL-LMO) shown 
in Figure 6.11 (and in later figures) was red shifted with an increased absorption coefficient 
relative to the LMO film (MS192) shown in Figure 6.7 and prior figures. It was chosen for 
comparison to the LMFO random alloy films because all of these samples experienced the 
same treatment with no post growth annealing of any kind. The SGL-LMO was deposited 
at ~700 °C under ~8 x 10-6 Torr with ozone assist. Relative to the MS192, SGL-LMO likely 
has some Mn+4concentration or MS192 has some Mn+2 concentration. Regardless, the 
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relatively smooth trend in absorption with Mn substitution, and the fact that none of the 
LMFO films were in situ or ex situ annealed after deposition made this film a suitable 
material for further comparisons.  Despite the possible small Mn+4 concentration in the 
LMFO films show below, the extremely small or absence of the Mn+4 absorption feature 
further indicates the relatively weak oxidizing environment of the MBE chamber, even at 
relatively high pressures with ozone assist.  
 
 
Figure 6.11. Optical absorption vs photon energy for representative LMFO films. The y-
axis of panel (a) is on a linear scale while panel (b) is the same data with the y-axis on a 
log scale. The 50% Mn film is estimated to be fully relaxed while the others are at least 
partially strained, based on the films c-axis lattice parameters.  
 
Taking a similar approach to Xu et al.158 the optical properties of LMFO were 
simulated by a linear combination of the optical properties from the LMO and LFO 
absorption curves shown in Figure 6.11. The results of this linear combination can be seen 
in Figure 6.12 and are compared with the optical properties from the random alloy films. 
Clearly, above ~2.5 eV, the optical absorption cannot be described as a simple linear 
(a) (b) 
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combination of the absorption properties of LMO and LFO. The films display a reduced 
absorption for the Fe t2g and eg minority spin Fe conduction band features while enhancing 
the absorption between them. This suggests that the conduction band states contributing to 
absorption above ~2.5 eV begin to hybridize upon B-site substitution in LMFO. This does 
not imply that the valence band states hybridize, based on the previous assessment that 
electrons prefer to transition from the top of the valance band in LFO. The distinct 
absorption for the alloy films compared to the linear combination strongly suggests that 
these materials are not phase separated. Estimation of the change in transition energy for 
the band gap transition in LFO is difficult due to the obvious alteration of this absorption 
edge structure in this region. The significant change in shape of the absorption curve in this 
region likely means the same Tauc model is not applicable. In addition, the absorption edge 
for the band gap transition in LFO is nearly eliminated upon Mn substitution at the 
concentrations studied here and there is no clear absorption edge for extrapolation. The fact 
that the absorption below 2.5 eV is nearly identical to the simulated absorption indicates 
that the Fe to Mn ratio within the film was near the target composition and also the 
composition estimated by the best fit to RBS data potentially making ellipsometry a 
suitable technique to estimate the Fe to Mn ratio in B-site cation substituted perovskites. 
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Figure 6.12. Linear combination of optical absorption for LFO and LMO (black lines) 
compared with experimental data from random alloy films (blue lines). The alloy film in 
(a) is ~37 nm thick, while the film in (b) is ~33 nm. Same films from Figure 6.11. 
 
 Introduction of Mn into LMFO, dramatically reduces the actual band gap energy 
from ~2.34 eV (direct forbidden) in LFO to ~1.0 eV (indirect allowed) for the 25% Mn 
substituted sample. This is due to the simple linear combination of the absorption spectra 
below ~2.5 eV and the reduced band gap is the result of Mn eg minority spin states in the 
conduction band. Further Mn substitution causes a red shift of the band gap separation 
while increasing the absorption for this transition. At no point does the band gap deviate 
outside the range of the parent compound materials for randomly alloyed samples.    
6.4.1 Digital alloying and over oxidation effects in LaMnxFe1-xO3+δ 
A digital alloy (DA) sample utilizing a 2:2 superlattice structure to order the Fe and Mn 
cations along the c-axis resulted in a reduced band gap energy relative to an LMFO random 
alloy of the same composition. The absorption coefficient for the DA was also enhanced 
relative to the random alloy up to ~3.7 eV as shown in Figure 6.13(a). The band gap of the 
DA was also lower than the LMO film, SGL-LMO. This unexpected feature may possibly 
 
(a) (b) 
LaMn0.5Fe0.5O3 simulated 
LaMn0.5Fe0.5O3 exp. 
 
LaMn0.25Fe0.75O3 simulated 
LaMn0.25Fe0.75O3 exp. 
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indicate an increased Mn+4 concentration in the DA compared to MS164. However, the 
magnetization versus temperature behavior showed a smaller net magnetic moment and 
approximately the same transition temperature for the random alloy and the digital alloy/ 
superlattice, as seen below in Figure 6.13(b). 
 
  
Figure 6.13. (a) Optical absorption of as-grown LMFO influenced by digital alloying. 
Black curve is for a random alloy with 50% Mn substitution (MS164) and the red curve is 
for a 2LMO:2LFO superlattice/digital alloy (DA) (MS194). (b) Magnetization versus 
temperature, red curve is from the digital alloy and the black curve is from the random 
alloy. 
 
To determine if the observed changes in absorption from the digital alloy are due 
to cation ordering effects, or over oxidation, the random alloy sample was annealed in 
oxygen.  The results from annealing the 50% substituted LMFO film can be seen in Figure 
6.14. The observed changes in the optical absorption spectrum are similar to the changes 
observed for over oxidized LMO68,67,73, with the presence of a lower energy absorption 
peak due to the formation of Mn+4. Comparison between the effects of over oxygenation 
and digital alloying are somewhat inconclusive since the overall spectra are so similar. 
(b) (a) 
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However, the reduced absorption between ~3.3 eV and ~4 eV for the DA relative to the 
random alloy suggests at least that the effect is the result of the digital alloying and is not 
possible through linear combination of the as-grown and annealed absorption curves. It is 
important to note that the digital alloy sample was significantly larger in c-axis than the 
random alloy and that strain effects cannot be ruled out. 
 
 
Figure 6.14. Optical absorption of as-grown LMFO influenced by over oxidation. The 
over oxidized film was annealed in a tube furnace at 750°C for 4 hours under flowing O2. 
Blue curve in SGL-LMO, red curve is MS164 oxygen annealed, and the black curve is 
MS164 as grown. 
 
6.4.2 Effect of epitaxial strain in LaMnxFe1-xO3+δ 
The overall effect of biaxial epitaxial strain in LMFO was very small, considering the 
similar absorption spectra for variously strained and relaxed films. The exception was for 
a pure LMO on film LSAT that was deposited in the same run as the LMO film for Figures 
6.7 and before (MS192). The comparison between the absorption for these films on STO 
and LSAT can be seen in Figure 6.15. There is the presence of a significant absorption 
enhancement around 4 eV for the film on LSAT. This may be due to increased formation 
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of Mn+2 in the sample on LSAT but the slight red shift of the primary absorption edge 
would suggest otherwise, unless the Mn+2 phase also reduces the band gap. It is possible 
that the red shift is due to strain effects, but it is unlikely that this large difference in 
absorption between ~3.6 eV and ~4.8 eV would be caused by strain. Assuming the 
absorption difference is caused by Mn+2 then it would appear that the substrate chemistry, 
biaxial strain, or low material volume plays a crucial role in the oxidation characteristics 
of LMO thin films and that the oxidation of LMFO should be measured using nuclear 
magnetic resonance (NMR)154, or x-ray spectroscopies159 to precisely verify Mn valence. 
 
  
Figure 6.15. Strain effects in on the (a) optical absorption spectrum and (b) the XRD 
pattern of LMO on STO (black) and LSAT (red). 
 
 Magnetization versus temperature (M vs. T) and magnetization versus field 
strength (M vs. H) are shown in Figure 6.16 for a ~50% substituted LMFO random alloy 
sample. The data is nearly equivalent in moment to the pure LMO sample shown in Figure 
6.7 indicating that the Fe spins become canted, or there could be relatively more Mn+4. The 
M vs. H was taken at 10 K yields a saturation magnetization of ~0.35 Bohr magnetons per 
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B-site. This low magnetic moment is indicative of a low Mn+4 concentration confirming 
the accuracy of the results in this chapter. However, due to the in situ UHV annealing step 
for the film in Figure 6.7 (MS192), the Mn+4 concentration is assumed to be lower. The 
onset temperature for the alloy is similar to LMO indicating a spin canting effect induced 
by Mn antiferromagnetic ordering. The same composition films on LSAT showed the same 
magnetic behavior, but instead of turning over at low temperature in M vs. T, the 
magnetization continued to increase at an increasing rate, and the on-set in magnetization 
began at a slightly lower temperature.  LMFO films with 25% Mn substitution on SrTiO3 
were found to show extremely small magnetic moments with M < 0.1 B/B-site. The films 
from the same run on LSAT did show somewhat more measureable magnetic moments 
around 0.15 B/B-site, with the same continually increasing M vs. T behavior as described 
for the ~50% substituted LMFO films on LSAT.  
 
 
Figure 6.16. (left) M vs. T and (right) M vs. H for a ~33nm, 50% substituted LMFO film 
(MS164) on (001)-oriented STO. M vs. T was taken using 0.15 T field and M vs. H was 
taken at 10 K. 
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6.5 Concluding remarks for LaMnxFe1-xO3+δ 
The properties of the better quality as-deposited LMFO films were highly interesting due 
to the non-linear combination of optical absorption, multitude of oxidation effects, strain 
effects, and digitally alloyed band structure modification. Random Mn substitution in 
LMFO reduces the band gap until reaching the value for pure LMO. This is due to the 
linear combination of optical absorption below ~2.5 eV observed for random alloys, 
resulting from no overlap of Mn and Fe states within the conduction bands below the Fe 
t2g minority spin conduction band. Above 2.5 eV it appears that the LMO and LFO 
conduction bands hybridize, or the electron transition preference is no longer from the top 
of the valence band. Either way, the resultant material gives rise to a non-linear 
combination of optical absorption spectra above 2.5 eV. The optical absorption coefficient 
due to the Fe t2g conduction bands is significantly reduced compared to the simulated 
absorption spectrum from pure LMO and LFO spectra. Absorption in the energy range 
between these Fe conduction band features is enhanced. The disparate behavior of the 
optical absorption above 2.5 eV strongly suggests a single phase material with a hybridized 
electronic structure.  
Cation ordering in LMFO potentially reduces the band gap below that of the 
random alloy, but oxidation and strain effects cannot be ruled out. As with LSFO, the 
largest changes in the observed properties arise from changes in cation valence state, 
namely Mn in LMFO. Significant over oxidation behavior in LMFO is similar in behavior 
to that of LMO (and LSFO) with a reduced band gap, increased magnetic moment (not 
tested for LSFO), and reduced electrical resistivity, attributed to a lower energy conduction 
band state that forms as the result of a complex Mn eg (or Fe eg in LSFO) majority spin 
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restructuring. The M vs. T behavior for all as-deposited LMFO samples measured was not 
indicative of mixed Mn+4/+3, indicating stoichiometry, but more precise methods such as 
NMR and XAS should be used to further confirm the Mn valence state in LMFO. Effects 
arising from changes in c-axis parameter in LMFO were relatively small similarly to LSFO, 
but the effects on pure LMO were not negligible. 
 Despite significant previous experiments13,39,67,73,121,145,146,149,160,161 the parent 
compound LaMnO3+δ,  was found to be highly interesting by itself. The formation of Mn
+4 
compensates for the presence of cation vacancies73. Mn+4 is also native in LMO with a 1:1 
La:Mn ratio due to vacancies of both cation types and leads to vastly different properties73. 
This is especially problematic for pulsed laser deposited thin films where it is know that 
the composition can vary significantly from the target composition73,151 and manganese is 
readily over oxidized67,68,73. The lack of consistent lattice parameters for LMO epitaxial 
films indicates a wide variability of experimental results and is likely due to the variable 
oxidation effects. Mn+2 defects have not been discussed for LMO prior to now and a 
thorough study of all physical properties and measured cation valence should be conducted 
under various oxidation states. Once better characterized, the pyrochlore and 
Brownmillerite defect behavior in LMO can be compared to certain observations in LMFO 
allowing for a better interpretation of the results described here.  
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Chapter VII: Conclusions and Future Work 
7.1 Conclusions 
In this thesis, the optical properties of LaFeO3, La1-xSrxFeO3, and LaMn1-xFexO3 films were 
investigated to better understand the effects of cation and anion stoichiometry on the optical 
properties of perovskite oxides. Thin films of these materials were successfully deposited 
onto a variety of strain inducing substrates using MBE. All of these materials were found 
to have tunable semiconducting properties.  
Using LFO as a model system, for the first time, a theoretical absorption spectrum 
was modeled to accurately determine the most applicable Tauc behavior with minimal 
ambiguity. The lowest energy absorption edge of LaFeO3 was determined to follow a direct 
forbidden model with an experimental band gap energy of ~2.35 eV with a slight 
dependence on strain state. Cation vacancies in LFO epitaxial films were found to be 
readily compensated by O vacancies. Oxidizing anneals in air, oxygen, or ozone did not 
noticeably fill these O vacancies, maintaining the iron valence and having a small impact 
on the resulting optical properties.  
Strontium substitution in stoichiometric LSFO introduces a new absorption peak 
directly related to the formation of Fe+4. The absorption coefficient of this peak is directly 
related to oxidation state and is limited by the strontium content. In the as-grown state, 
LSFO was found to be highly O deficient requiring ex-situ annealing in air, oxygen, or 
ozone to increase the iron valence greater than ~Fe+3, even for films with <5% Sr 
substitution. The new absorption feature was also coupled to a shrinking energy separation 
between the valence band and the mostly Fe t2g conduction band, as tracked by Tauc 
analysis assuming a direct forbidden model was maintained.  Overall, the oxidation state 
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of LSFO was found to be readily tunable having a relatively significant effect on its optical 
absorption properties.  
All tested cation compositions of LMO and LMFO were found to stabilize native 
Mn+4 defects without the need of strontium to stabilize the increased B-site valence. Effects 
of over oxidation difficult to completely remove after films were over oxidized. The 
absorption properties of LMFO random alloys were found to be a linear combination below 
~2.5 eV. Above 2.5 eV, when the iron states become active, there is a complex 
hybridization of the absorption spectra with significant reduction in absorption due to iron 
states. The band gap energy of a digitally alloyed LMFO sample was found to be 
significantly reduced relative to the random alloy. 
The results of this thesis show the highly interesting and tunable nature of non-d0 
perovskite oxide materials under various stimuli. The optical properties are found to be 
affected mostly by the B-site cation valance which can be modified through annealing in 
many cases. Structural and strain effects are found to have minimal influence and cation 
vacancy behavior was found to be material dependent. All of these results especially those 
from digital alloying should be explored further. 
7.2 Future work 
 The results of this thesis answered many question but also gave rise to many others. 
Significant questions remain to gain a thorough understand of these materials and to better 
understand their tunable optical properties. Some of the topics that should be investigated 
are: 
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 Study the evolution of the optical properties related to cation stoichiometry and 
valence through O stoichiometry; especially for LMO and SFO. 
 Study these and alloy materials in their equilibrium oxygen conditions 
 Analyze the effect of cooling rate/ annealing conditions on O content  
 Thickness dependent studies of all materials  
 Study the effects of relaxed/polycrystalline films and digital alloys on various 
substrates. 
 Study the same materials in bulk and single crystal form 
 Measure photoconductivity to determine excitonic contribution to absorption. 
 Make and test devices with many different junction layers using lock-in 
amplification 
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Appendix A 
List of Samples 
 
 
Table A. Sample list for relevant figures. If data is unavailable the field was left 
blank. All thicknesses and c-axis parameters for films containing Sr are after ex situ 
oxidation, all others are as-deposited. 
Sample Name Composition c-axis 
(Å) 
Thickness 
(nm) 
Figures 
Appeared In 
MS193 on STO SrFe0.99O3 3.281 41.1 3.2, 5.5 
MS125 on STO La0.20Sr0.76FeO3   3.3, 3.4 
MS105 on STO La0.96FeO3 3.947 34.3 3.6, 4.8, 4.10(a-
c), 4.11(a,b), 
4.14, 4.17, 4.18, 
5.3(a), 5.7(a), 
5.9(a), 5.12, 6.11, 
6.12 
MS105 on LSAT  3.987 34.0 3.6, 4.10(a,b), 
4.11(a,b), 5.3(b), 
5.7(b), 5.9(b), 
5.10, 5.11, 
5.14(d) 
MS105 on LAO  3.957 33.3 3.6, 4.10(a,b), 
4.11(a,b) 
MS105 on GSO  3.898 33.3 3.6, 4.10(a,b), 
4.11(a,b) 
MS105 on DSO  3.913 34.6 3.6, 4.10(a,b), 
4.11(a,b) 
MS14 on STO La0.88FeO3 3.947 38.7 3.7, 4.5, 4.6, 4.14, 
4.17, 4.18 
MS129 on LSAT La0.88FeO3 3.987 33.9 3.10, 3.11, 4.9, 
4.11(b) 
MS26 on STO LaFe0.98O3 3.950 Avg=49.5 3.12(right), 3.14, 
3.15, 4.14, 4.18 
MS78 on MgO La0.19Sr081Fe0.99O3   3.17, 3.18, 5.4 
MS11 on STO La0.85FeO3 3.935 40.2 4.5, 4.6 
MS12 on STO  3.943 37.5 4.5, 4.6 
MS13 on STO  3.946 38.0 4.5, 4.6 
MS15 on STO  3.931 41.7 4.5, 4.6 
MS16 on STO  3.942 40.2 4.5 
MS17 on STO  3.944 40.6 4.5, 4.6 
MS18 on STO  3.947 43.1 4.5, 4.6 
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Table A. (continued). 
Sample Name Composition c-axis 
(Å) 
Thickness 
(nm) 
Figures 
Appeared In 
MS19 on STO  3.950 43.7 4.5, 4.6, 4.12, 
4.13 
MS25 on STO  La0.88FeO3 3.950 49.9 4.7, 5.2(a), 
5.8(a) 
MS99 on STO La0.98FeO3 3.936 16.0 4.11(b) 
MS99 on LSAT  3.986 16.0 4.11(b) 
MS99 on LAO  3.984 16.2 4.11(b) 
MS99 on GSO La0.80FeO3 3.905 15.3 4.11(b) 
MS129 on STO La0.98FeO3 3.953 36.0 4.11(b) 
MS155 on STO La0.78FeO3 3.950 35.3 4.12, 4.14, 
4.16, 4.17, 4.18 
MS141 on STO LaFe0.91O3 3.963 21.2 4.13, 4.14, 
4.17, 4.18 
MS185 on STO LaFe0.87O3 3.969 39.2 4.13, 4.14, 4.18 
MS110 on NbSTO La0.91FeO3 3.949 58.8 4.14, 4.18 
MS30 on STO  3.951 47.8 5.1 
MS52 on STO La0.62Sr0.35FeO3 3.897 49.8 5.1, 5.2(d), 
5.7(a), 5.9(a), 
5.12 
MS57 on STO La0.74Sr0.25FeO3 3.913 50.2 5.2(b), 5.3(a), 
5.7(a), 5.8(a), 
5.9(a), 5.12 
MS56 on STO La0.83Sr0.17FeO3 3.934 52.2 5.2(c), 5.3(a), 
5.7(a), 5.9(a), 
5.12 
MS89 on STO La0.51Sr0.49Fe0.97O3 3.880 39.0 5.3(a), 5.7(a), 
5.9(a), 5.12 
MS100 on STO La0.95Sr0.05Fe0.97O3 3.946 41.6 5.3(a), 5.9(a), 
5.12 
MS101 on STO La0.18Sr0.82FeO3 3.838 40.6 5.3(a), 5.9(a), 
5.12 
MS193 on STO SrFe0.99O3 3.821 41.1 5.3(a), 5.9(a) 
JD12 on STO La0.38Sr0.62Fe0.99O3   5.3(a), 5.9(a) 
MS52 on LSAT  3.937 48.9 5.3(b), 5.7(b), 
5.9(b), 5.10, 
5.11, 5.14(c,d) 
MS56 on LSAT  3.974 50.9 5.3(b), 5.7(b), 
5.9(b), 5.10, 
5.11, 5.14(a,d) 
MS57 on LSAT  3.956 50.3 5.3(b), 5.7(b), 
5.9(b), 5.10, 
5.11, 5.14(b,d) 
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Table A. (continued). 
Sample Name Composition c-axis 
(Å) 
Thickness 
(nm) 
Figures 
Appeared In 
MS100 on LSAT  3.993 44.4 5.3(b), 5.9(b), 
5.10, 5.11, 
5.14(d) 
MS101 on LSAT  3.879 41.6 5.3(b), 5.9(b), 
5.10, 5.11, 
5.14(d) 
MS125 on LSAT  3.89 34.9 5.3(b), 5.9(b), 
5.10, 5.11, 
5.13, 5.14(a-d) 
MS124 on STO La0.10Sr0.90Fe0.99O3   5.9(a), 5.12 
SGL SFO on 
LSAT 
Sr0.99FeO3   5.11 
MS165 on STO La0.96Mn0.24Fe0.76O3 3.956 37.4 6.1, 6.9, 6.11, 
6.12(b) 
MS121 on STO LaMn0.93O3   6.3 
MS168 La0.88MnO3   6.4(a) 
MS170 La0.90MnO3   6.4(b) 
MS192 on STO LaMnO3 4.005 48.2 6.6, 6.7, 6.8, 
6.15 
MS164 on STO La0.98Mn0.49Fe0.51O3 3.922 32.8 6.9, 
6.11,6.12(a), 
6.13, 6.14, 6.16 
SGL LMO on STO La0.99MnO3   6.11, 6.12, 6.14 
MS194 on STO La0.99Mn0.50Fe0.50O3 3.95 51.4 6.13 
MS192 on LSAT  4.015  6.15 
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